Rowan University

Rowan Digital Works
Theses and Dissertations
1-22-2019

A study of catalytic microcombustion for a portable power supply
device
Bhanuprakash Reddy Guggilla
Rowan University

Follow this and additional works at: https://rdw.rowan.edu/etd
Part of the Mechanical Engineering Commons

Recommended Citation
Guggilla, Bhanuprakash Reddy, "A study of catalytic microcombustion for a portable power supply device"
(2019). Theses and Dissertations. 2628.
https://rdw.rowan.edu/etd/2628

This Thesis is brought to you for free and open access by Rowan Digital Works. It has been accepted for inclusion
in Theses and Dissertations by an authorized administrator of Rowan Digital Works. For more information, please
contact graduateresearch@rowan.edu.

A STUDY OF CATALYTIC MICROCOMBUSTION FOR A
PORTABLE POWER SUPPLY DEVICE

by
Bhanuprakash Reddy Guggilla

A Thesis

Submitted to the
Department of Mechanical Engineering
Henry M. Rowan College of Engineering
In partial fulfillment of the requirement
For the degree of
Master of Science in Mechanical Engineering
at
Rowan University
November 19, 2018

Thesis Chair: Smitesh D. Bakrania, Ph.D.

© 2018 Bhanuprakash Reddy Guggilla

Dedications
I would like to dedicate this manuscript to my family.

Acknowledgements
First and foremost, I would like to thank my advisor Dr. Smitesh Bakrania
for his words of encouragement, continued patience, constant guidance and invaluable
insights that helped me complete this thesis. He pushed me to my limits and gave
me a chance to envision a bright future as an independent researcher.
I wish to express my sincere gratitude to Dr. Francis Mac Haas for his
constructive suggestions and technical assistance in order to enhance the quality
of this research. I would like to thank Dr. Wei Xue for agreeing to serve on the
committee.
I would like to thank Karl Dyer and Chuck Linderman for helping me in fixing
the equipment and also training me on how to use the equipment safely and effectively.
I would also thank Rowan University’s Materials Research Laboratory for allowing
me to use the instrumentation.
My sincere thanks to all the undergraduates, Alex Rusted for designing the
reactor and tank, Navroop Kaur for airpump, Bruce Barrett for thermal analytical
model, Spring 2017 clinic team for the mount, Benjamin Tylor for designing the heat
recirculation system and PCM tank, Fall 2018 clinic team for fabricating the mount.
I am extremely thankful to all my friends who have constantly supported me
throughout this journey and encouraged me to pursue my dreams and ambitions.
I take this opportunity to thank my parents and my siblings for believing in me
when it mattered the most. I will forever remain grateful to them for their undying
love and support.
My special thanks to the department of Mechanical Engineering at Rowan
for giving me this invaluable opportunity to widen my horizon and for its financial
support.

iv

Abstract
Bhanuprakash Reddy Guggilla
A STUDY OF CATALYTIC MICROCOMBUSTION FOR A PORTABLE POWER
SUPPLY DEVICE
2018-2019
Smitesh D. Bakrania, Ph.D.
Master of Science in Mechanical Engineering

The essential need for portable and dense power source has been greatly
increased with the prevalence of portable electronic devices in the past decade.
Catalytic combustion of hydrocarbon and oxygenated fuels has the potential to
provide an alternative power source for portable electronic devices. A successful
self-ignition and sustainable catalyst combustion for a variety of fuels using Platinum
(Pt)-impregnated substrate was demonstrated in our previous work. Present work
explores the performance of microcombustion thermoelectric coupled (MTC) device
with improved reactor configuration design.

Chemically synthesized platinum

nanoparticles with particle diameters of ∼8 nm are deposited on rectangular cordierite
substrates, with 800 µm wide square channels acting as a catalyst cartridge. A
copper-aluminium reactor is used to host the catalytic combustion. Thermoelectric
generators (TEGs) are coupled with heat sinks to establish a constant temperature
difference.

This work also presents a custom fuel-delivery system designed to

achieve a self-contained portable MTC unit. Material characterization and analytical
models accompany the experiments to establish the performance parameters. The
experiments involving near a stoichiometric mixture of methanol-air at 8000 mL/min
of airflow yielded 62 ◦ C temperature difference for the TEGs. A most recent design
generated actual electrical power output of 493 mW and estimated theoretical power
output of 1406 mW with a fuel conversion efficiency of 90% and estimated power
density of 74.3 W/m3 . The outcomes guide future development of such portable
combustion-based power sources.
v
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Chapter 1
Introduction
In recent decades, the dramatic increase in the number of consumer, industrial,
and military applications utilizing portable electronic equipment, such as laptops and
cellular telephones has necessitated the need for portable and dense power sources [1].
Many of these applications rely on available traditional battery technology. However,
the relatively low energy density of existing battery technology is limited in its ability
to meet the increase in demand and imposes burdensome weight, cost and power
limitations on system design. An alternative power source is required to avoid the use
of traditional batteries [2]. Currently, a miniature device that exploits the high energy
density of hydrocarbon and oxygenated fuels provides an effective, long-life, portable
source of electrical power, is still an active area of research and development. Ju
and Maruta [3] and Kaisare and Vlachos [4] provide exhaustive literature surveys on
microcombustion-based power devices for potential civilian and military applications.
1.1. Non-Catalytic Microcombustion.
Various approaches involving micro and meso-scale reactors have been explored
in recent years to develop such miniature devices. The heat of combustion converting
directly to electricity was reviewed by Fernandez-Pello [5].

Among these, the

thermophotovoltaics (TPV) and thermoelectric generator (TEG) modules have been
proposed. Yang et al. [6] used thermophotovoltatics coupled with microburners
to produce 1.02 W of power. The micro-modular combustor-radiator with heat
recuperation design increased the useful radiation energy by 83% for micro-TPV
system application [7]. Several numerical studies were conducted to understand the
combustion behavior and flame stability at the micro scales [8, 9, 10, 11]. Studies show
that there is a significant increase in flame stability and performance for curved over
straight microcombustor configuration [8, 10]. While the conversion efficiencies are

1

typically low, several configurations have been studied. For instance, non-catalytic
microcombustion-TEG devices have been demonstrated by researchers with thermal
conversion efficiency ranging 1-4.5% [2, 12, 13, 14, 15]. A range of such configurations
have been investigated to maximize power output. Researchers have shown that a
backward-facing step within a combustor can significantly improve the performance
of the system in many aspects [12, 13, 14, 16, 17]. Shimokuri et al. [15] showed that
a small-scale vortex combustion device using swiss roll combustor with a propane-air
fuel mixture improves the energy conversion rate to 2.4%. Gan et al. [18] designed
a mesoscale combustor with liquid ethanol as fuel to achieve improved thermal
efficiency.
To overcome the difficulties of sustaining combustion due to a relatively high
rate of heat transfer in micro-scale combustion, such non-catalytic systems must
rely on improved thermal management to achieve the desired system performance.
A catalyst assisting combustion at room temperature is a possible substitute that
negates any need for preheating of combustion fuel and increases the likelihood of
sustained combustion.
1.2. Catalytic Microcombustion.
Catalyst-assisted microcombustion can additionally extend the operational
range and improve fuel conversion. Studies comparing non-catalytic and catalytic
combustion showed that catalytic combustion at low Reynolds number had a
significant advantage at a given air-fuel mixture [19, 20].

Catalytic mesoscale

combustion has yielded notably high power and energy conversion [21, 22]. Combined
with reactor configurations optimized for thermal management, further improvements
are possible. [23]. Catalytic systems typically use platinum in bulk or nanomaterial
forms to assist combustion.

For instance, Tolmachoff et al.

[24] designed a

n-dodecane/air fueled parallel plate microcombustor with Pt-coated walls.
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The

combustor was capable of nearly complete oxidation while operating at temperatures
>1100 K, which makes it useful for thermoelectric power generation. Sui et al.
[25] used a hydrogen-fueled microreactor equipped with six platinum tubes. Both
counterflow and co-flow configurations were explored with fuel lean hydrogen-air
mixture, with counterflow configuration showing superior results. Fanciulli et al.
[26] used Pt-based catalytic pellets within a combustor to produce nearly 1 W
power with the system volume close to that of an AA battery. While platinum is
a common choice for catalytic combustion, a range of hydrocarbon fuels have been
explored. Most micro- or meso-scale devices use propane, butane, or LPG as the
primary fuel for catalytic combustion. Though propane has high energy density
compared to other liquid fuels, it fails to ignite at room temperature necessitating
hydrogen-assisted ignition [21, 27, 28]. To simplify reactant delivery researchers prefer
to rely on a single fuel system. Most catalytic systems also rely on bulk Pt-catalysts
[21, 27, 28, 29]. However, the benefits of catalyst supported combustion can be
greatly enhanced via high-surface area associated with nanoscaled catalyst materials.
Studies have shown that catalytic combustion activity is inversely-correlated with
size of nanoparticles [30, 31, 32].

Therefore, there is a need for investigating

nanocatalytic-based microcombustion designs to maximize device performance.
Hu et al. [33] investigated spontaneous ignition of methanol-air blends over
Pt nanoparticles. They utilized quartz strands to host Pt nanoparticles against
air flow saturated with methanol. The controlled combustion temperatures were
obtained with varying stoichiometric ratios of the methanol-air mixture. These and
subsequent studies [31] established that the catalytic action was connected to the
surface morphology and the material size of the catalyst. Our previous studies using
Pt nanoparticles demonstrated sustained catalytic combustion and room temperature
ignition of a methanol-air mixture [34, 35]. Further exploration proceeded with
flow-through microreactor configuration where a variety of fuels and nanocatalyst
3

loading were studied using Pt-impregnated cordierite substrate [36].
The goal of this study is to develop a portable device that is effective and robust
enough to produce sustained electrical power. In this study, platinum nanoparticles
are synthesized, dispersed on a cordierite substrate, tested in a microreactor, and
characterized before and after catalysis.
The objectives of this work are as follows:
1. Investigate a new preheat microreactor design to improve the performance
of the system.
2. Experimentally investigate the catalysis of nanoparticles, with varying mass
loads, and flow rates.
3. Explore a fully portable microcombustion device.
4. Gain insights on catalyst material and its impact on performance.
Chapter 2 describes the background of the microcombustion thermoelectric
coupled device. Also, this chapter provides thermal analytical performance metric
study for understanding the heat losses and comparison with the devices presented in
above literature. Chapter 3 describes the steps involved in synthesizing platinum
nanoparticles, the substrate used and how to coat them, reactor design, and
experimental setup to conduct the catalysis experiments. This chapter also describes
the tools used for analyzing the material structure. Chapter 4 discusses about the
results obtained from the particle analysis, system behavior at different mounting
alignments, results of fully portable MTC device including a novel methanol reservoir
design and on board air compressor, MTC device study with a new stacked preheating
microreactor, and Power output study. Chapter 5 presents the conclusions of the
present study. Chapter 6 suggests the possible avenues to improve the design and
performance for the future.
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Chapter 2
Background
This chapter discusses the previous work done at Rowan University and also
provides the key results obtained for different microreactors. Also, this chapter
provides the concept of thermal performance analysis and key equations used for
analyzing the data. However, this work is used to compare the system performance
with other devices and can be used to further develop a model that can better predict
the system efficiencies.
2.1. Previous Work
Previous work at Rowan University included the development of a reactor
design to support a platinum nanoparticle-coated substrate for combustion
experiments. Initial microcombustion experiments were conducted using a reactor
in a cylindrical tube, with an NPT (Figure 1) fitting at the inlet for coupling to a
gas line, and an open outlet where the substrate could be inserted. The parametric
study on this reactor design provides key results for further developing the combustor
reactor. The evolution of microreactor at microcombustion clinic is shown in Figure
1. This development in reactor design involves improving the system behavior such as
symmetrical internal flow, catalytic activity and lifetime, thermal enhancement, etc.
For instance, cylindrical reactor was designed to study the room temperature ignition
of methanol using synthesized platinum nanoparticles. To measure the actual power
output from combustor, a rectangular reactor block with octagonal substrate was
developed. Due to large thermal mass and low combustion volume, the reactor with
rectangular substrate per dimension of TEGs was designed (2015). With catalytic
combustion of this reactor the most of heat generated was lost through exhaust. And
to improve self ignition behavior design was slightly modified to preheat the inlet
mixture. However, the difficulties in assembling and disassembling of whole setup for
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each run constrained the efficiency of microcombustion experiments. Later, to resolve
this issue the drawer reactor designs were developed initially with aluminum material,
later with Teflon to reduce the thermal mass of the design. Table 1 represents the
comparison of the temperature data obtained from previous microreactor discussed
above. The results obtained from each design shows critical insight for improving
system performance and efficiencies.
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Figure 1. Development of microreactor design at Rowan University (a) 2009-2013
[35], (b) 2014 [36] (c) 2015 (d) 2016 (e) 2016 (f) 2017.
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Reactor Design
a) Cylindrical Reactor
b) MTC Reactor
c) Non-preheat Reactor
d) Modified Preheat Reactor
e) Aluminum Preheat Reactor
f) Copper-Teflon Preheat Reactor

Flowrate (2SSC) Tsub [◦ C] Th,avg [◦ C] Tc,avg [◦ C] ∆T [◦ C] Twall [◦ C] Texhaust [◦ C]
600
680
600
600
108
60
48
160
600
450
150
600
370
120
800
120
60
60
200
600
250
200

Comparison of average temperature data for previous reactors developed at Rowan University.

Table 1

2.2. Thermoelectric Power Generation
The thermoelectric generator (TEG) is a solid device that converts the
temperature difference into electrical energy (vice versa) using Seebeck effect. If
the temperature difference ∆T between the two ends of a material is small, and when
the mater ial has come to a steady state where the current density (J=0) is zero
everywhere, then the Seebeck coefficient α, is defined as [37]:

α(T ) = −

∆V
∆T

(1)

where ∆V is thermoelectric voltage generated at the terminals.
The efficiency of the thermoelectric module is highly dependent on its
operating conditions (includes hot, cold side temperatures, thermal resistance and
contact resistance) as shown in Equation 2.

q

ηmax

1 + Z(TH2+TL ) − 1
TH − TL
.q
=
TH
1 + Z(TH +TL ) + TL
2

(2)

TH

where Z is known as a Figure of Merit = α2 σ/k, where α is the Seebeck
coefficient, σ is the electrical conductivity and k is the thermal conductivity. In some
literature, an alternative Figure of Merit ZT , which actually denotes Z(TL + TH )/2,
is employed instead.
2.2.1. Previous work on TEGs. Commercially available bismuth telluride
Bi2 Te3 thermoelectric devices (Marlow TG12-4-01LS) were utilized in generating the
power from heat released by microreactor. TEG efficiency is highly dependent on
mechanical pressure applied on it. The uneven or low mechanical pressure causes
contact thermal resistance between TEGs and reactor that reduces the heat flow to
TEGs and effect its efficiency. Thus our previous work involved in testing TEGs
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behavior with variable loads using compressed air. A testing rig was designed and
built to allow for accurate and repeatable pressure loads. This rig utilized a pneumatic
actuator, with a specially designed pressure application plunger. The application tip
was designed to have 1 in2 surface area to eliminate the need to recalculate pressure.
The applicator plunger also contained a coil spring, which helped to protect the
TEGs from cracking due to the thermal expansion. This was used to find the optimal
pressure to apply to the TEGs. The output was measured by tracking the open
circuit voltage while changing the pressure. The pressure was incremented as voltage
produced by a TEG was recorded. Results from the thermoelectric testing revealed
that increasing the pressure on the TEGs does increase the amount of the voltage
produced. Shown in Figure 2, voltage begins to plateau, starting at about 30 psi.
Minimal increases in voltage are seen after about 45 psi.

Figure 2. Pressure vs voltage at a constant temperature using TEG testing apparatus.
Results from Spring 2015 clinic team report [38].
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2.3. Microcombustion Performance Analysis
2.3.1. Overview. The scope of the performance metrics study is to analyze
the heat losses from the system and comparing the performance of MTC device
with other studies. Figure 3 represents the schematic of the energy supplied to the
microreactor and energy transferred from the microreactor. This analytical study is
composed of a series of calculations within a spreadsheet program; the spreadsheet
uses empirical data measured during an experiment to analytically solve for desired
properties of the device. The calculated properties provide insight into the power
production and efficiency of the system, which guided the design parameters of the
device.

𝑄̇𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔

𝑄̇𝑇𝐸𝐺,1

(𝑚̇ℎ)𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
@RTP

′′′
𝑄̇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛

𝑄̇𝑇𝐸𝐺,2

(𝑚̇ℎ)𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 = (𝑚̇𝐶𝑝 𝑇)
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑄̇𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔

Figure 3. Schematic representation of quantitative analysis of thermal energy.
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The analysis of a combustion process was done by using first law of
thermodynamics for open system that uses specific enthalpies. For an open system in
steady state with single inlet and outlet, the first law of thermodynamics reduces to
the following form shown in Equation 3, when neglecting the changes in kinetic and
potential energy.
Q̇ = Ẇ + Ḣout − Ḣin

(3)

where Q̇ is the heat supplied, Ẇ is the work done by the system, Ḣout and Ḣin
represents the enthalpy changes from mass flows in the inlet (reactants) and outlet
(products) streams.
2.3.2. Required data inputs. Inputs for the analysis include ambient T∞
and exhaust temperature Texhaust as well as temperatures from the cold Tc and hot
Th sides of the reactor obtained during the experiment. The volumetric flow rate of
the air supply V̇air , atmospheric pressure, lower heating value (LHV) of methanol,
the time of the experiment, and volume of condensed water VH2 O are also required.
2.3.2.a Supply air conditions. Several specifications regarding the air
entering the system must be provided to the model. The absolute pressure [kPa],
must be the input; it is obtained by the pressure gauge located prior to the flow
meter in the supply air line. The volumetric flow rate of the supply air is needed and
can be obtained from the flow meter when using ‘shop air’.
2.3.2.b Experimental results. Further inputs obtained during the course
of the experiment are also required. Several of these values are compiled in the
experimental summary graph generated by the MATLAB program. The average
temperatures [◦ C], of the hot Th and cold Tc sides of the thermoelectric generators,
are needed; a single value for each side must be input, so the average values between
the two thermoelectrics obtained from Labview DAQ system at 10 Hz was used after
reaching steady state temperatures. The average conversion rate based on carbon
12

dioxide provided by the gas analyzer (CM-0053, CO2Meter.com) that measured CO2
and O2 using solid state gas sensors is also used. The final value needed from the plot
is Texhaust of the reactor. The electric power production obtained from the TEG power
curve is also required. Additional inputs are needed for calculating conversion rate
based on the volume of condensed water VH2 O from the exhaust stream; these include
the amount of liquid in the condenser (mL), the weight percent of water content in
the condensate, and the total length of the experiment in minutes. The density of
the mixture measured to determine composition also must be recorded in the model.
2.3.3.

Heat generation calculations. The first major function of the

performance analysis is to calculate the total thermal energy Q̇ generated by the
methanol-air combustion. While only a fraction of the total energy produced by
the reaction can be converted into a useful form, it is informative to examine the
energy potential of the system. Most of the researchers presented in the literature
uses the LHV of hydrocarbon fuel for the comparison of their efficiencies with other
microcombustion devices. Therefore, in this work heat generated in the combustion
reaction uses the LHV of the fuel and the amount of fuel reacted.
Lower heating valve (net calorific value) of a fuel is known as the amount of
heat generated by combustion of a specific quantity of fuel which is initially at 25 ◦ C
and later reaches to 150 ◦ C.
2.3.3.a Air to fuel ratio. The amount of methanol fuel entering the reactor
is estimated by the balanced chemical formula for the combustion of methanol with
air. Combustion stoichiometry for a general hydrocarbon fuel with air is represented
in Equation 4 assuming supply air is an ideal gas composed of nitrogen and oxygen
in a ratio of 3.76 moles of nitrogen per mole of oxygen.
Cα Hβ Oγ + (α +

β
β γ
β γ
− )(O2 + 3.76N2 ) −→ αCO2 + H2 O + (α + − )(3.76N2 ) (4)
4 2
2
4 2

13

2.3.3.b Analysis of reactant stream. The composition of the stream is
calculated in terms of mole fraction, mass fraction in ppm. The Antoine equation
(Equation 5) determine the vapor pressure of each component and using Dalton’s
Law (Equation 6) the molar composition of methanol leaving the bubbler in the gas
phase is determined based on methanol temperature.
Vapor pressure of pure liquid can be estimated using Antoine Equation, of the
form:




PCH3 OH 
B
=A−
log10 
Pref
T +C

(5)

where A, B and, C are constants found in Table 1.
PCH3 OH = vapor pressure of pure liquid methanol at temperature T [K]
Pref = Reference atmospheric pressure in bar
Molar composition of methanol entering the microreactor is estimated using
Dalton’s law, of the form:
XCH3 OH =

PCH3 OH
.
PT otal

(6)

where, PCH3 OH = Partial pressure of methanol at gas phase [bar]
PT otal = Total pressure of composition includes partial pressure of O2 , N2 and
CH3 OH
XCH3 OH = Mole fraction of the methanol in inlet feed mixture at temperature
T [K]
The above equations helps in calculating the equivalence ratio of methanol-air
mixtures at various temperatures. For instance, if methanol temperature is ∼ 21 ◦ C
the equivalence ratio φ = 1 (stoichiometric mixture). And if methanol temperature
is ∼ 18 ◦ C then φ = ∼ 0.85 which is a lean mixture based on Antoine equation and
Dalton’s law.
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Table 2
Antoine coefficients for methanol.
T Range [K] 353.5 - 512.63 288.1 - 356.83 353 - 483
A
5.15853
5.20409
5.31301
B
1569.613
1581.341
1676.569
C
-34.846
-33.5
-21.728

2.3.3.c Heat calculation Q̇combustion . The heat generation of the reaction,
Q̇theo is equivalent to the total energy produced, which is estimated using the known
Lower Heating Value (Q̇LHV ) of methanol (639 kJ/kmol) and the moles of methanol
combusted. Q̇ for the complete combustion of methanol is calculated (Equation 7)
and the conversion rate (Xconv. ) based on carbon dioxide provided by the gas analyzer
is then multiplied to obtain the Q̇actual of the reaction.

Q̇theo = Q̇LHV ∗ ẊCH3 OH

(7)

Actual heat generation is determined by multiplying the theoretical heat
generation by the fuel conversion fraction calculated from experimental data Equation
8.
Q̇actual = Q̇theo ∗ Xconv.

(8)

2.3.4. Product analysis. Since the reaction does not produce complete fuel
conversion, there is some amount of methanol in the reactor exhaust. The components
of this stream are N2 , unreacted CH3 OH, unreacted O2 , and the products of the
combustion reaction (H2 O and CO2 ). The mole fraction of unreacted reactants are
calculated using the following Equations.
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For instance if φ = 1:
ẊN2 ,reactant,stoich. = ẊN2 ,product,stoich. = Xair/f uel ∗ 3.76

(9)

ẊCH3 OH,product,stoich. = 1 − Xconv.

(10)

ẊO2 ,product,stoich. = 1.5 − (1.5Xconv. )

(11)

The moles of reaction products, H2 O and CO2 , in the exhaust stream depend
on the Xconv. as well. These are calculated by multiplying the conversion factor and
the stoichiometric coefficients from the balanced combustion reaction Equation 12
and 13.

ẊCO2 ,product,stoich. = 1Xconv.

(12)

ẊH2 O,product,stoich. = 2Xconv.

(13)

where 1 and 2 are the coefficients for Equations 12 and 13, respectively.
For φ < 1:
ẊN2 ,reactant,lean = ẊN2 ,product,lean = Xair/f uel ∗

3.76
φ

1
− Xconv.
φ
1
= 1.5 − ( − 1)Xconv. )
φ

ẊCH3 OH,product,lean =
ẊO2 ,product,lean

(14)
(15)
(16)

ẊCO2 ,product,lean = 1Xconv.

(17)

ẊH2 O,product,lean = 2Xconv.

(18)

For φ > 1:
ẊN2 ,reactant,rich = ẊN2 ,product,rich = Xair/f uel ∗
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3.76
φ

(19)

1
− Xconv.
φ
1
ẊCH3 OH, unburn,product,rich = (1 − )Xconv. )
φ
1
ẊCO2 ,product,rich = Xconv.
φ
2
ẊH2 O,product,rich = Xconv.
φ
ẊCH3 OH,product,rich =

(20)
(21)
(22)
(23)

The product analysis was conducted based on the values obtained from gas
analyzer (CM-0053, CO2Meter.com). This gas analyzer sensors can only provide
the information of CO2 and O2 of exhaust stream.

In order to compute the

complete product analysis at various equivalence ratios, the additional information
from exhaust stream is required. Therefore, for this work the stoichoimetric mixture
(φ = 1) is considered to study the performance of MTC device. However, the above
equations will be considered and further developed in the future with the help of gas
chromatography data.
2.3.4.a Heat capacity calculations. The molar heat capacities of all the
substances present are calculated using the heat capacity coefficients which are taken
from standard tables [39].
The average molar and specific cp values for the product and reactant mixtures are
calculated by taking the weighted averages of the cp values for stream’s components
Equation 24.
Cp,product =

X

xi c̄p,i

(24)

i

2.3.5. Heat flow analysis. To gauge the effectiveness of the reactor design,
the flow of heat from the reactor is monitored using the performance analysis. Ideally,
all of the heat energy produced from the reaction would reach the thermoelectrics on
either side of the reactor. However due to various other heat pathways there are heat
losses that need to be computed.
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A heat balance of the combustion system was developed and represented in
Equation 25. The supplied energy (Qin ) was excluded in this study to compare the
device performance with the other devices discussed in the literature.
Q̇comb = 2Q̇T EG − Q̇exhaust − Q̇sides

2.3.5.a Heat flow to thermoelectric generators,

(25)

Q̇T EG .

The

thermoelectric generators rely on a temperature gradient to produce electricity.
The difference between the hot and cold sides is divided by the thermal resistance
of the device (provided by the manufacturer) to estimate the heat flow to each
thermoelectric. This value is multiplied by two to account for both TEGs.
Q̇T EG = 2 ∗

TH − TC
RT h

(26)

2.3.5.b Heat loss in exhaust stream, Q̇exhaust . The energy losses through
the exhaust stream were determined using the previously calculated Cp,product of the
product mixture ṁ, the mass flow rate of the system, the time average exhaust
stream temperature after reaching steady state Texhaust and ambient temperatures
T∞ measured by thermocouples Equation 27.
Q̇exhaust = ṁCp,product (Texhaust − T∞ )

(27)

2.3.5.c Other heat losses.The energy that is unaccounted for, either the
exhaust stream or thermoelectric generators, is assumed to escape the system through
the side walls of the reactor. The heat loss through sides of the reactor (Q̇sides
unknown) can be computed using Equation 25 by known values of Q̇comb , Q̇T EG ,
and, Q̇exhasut with varied uncertainty. The average values were taken at steady state
condition. The embedded values had uncertainty in their values depending on its
operating conditions like temperature variation in methanol, flow symmetry, catalyst
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distribution, etc.
2.3.6.

Fuel conversion based on condensed water. An alternative

approach for determining the conversion rate of the reaction is to analyze the water
in the reactor exhaust. Inconsistencies in the two conversion rates produced from the
gas analyzer data have led to this third method as a means of supporting the validity
of one of the gas analyzer conversion rates. For this calculation, the liquid condensed
in a cold trap from the exhaust stream is a binary mixture of water and methanol.
It is assumed that the air entering the system contains a negligible amount of water;
however, further analysis is required to support the assumption.
2.3.6.a Condensate analysis. To determine the rate of water condensed
out from the exhaust stream, the ṁcondensed mass flow rate of water condensed is
determined using Equations 28 and 29.
ṁmix. = V̇mix ρmix.
Ṅwater =

ṁmix. ∗ XH2 O
M WH2 O

(28)
(29)

where, ρmix. is a density of mixture obtained from density of methanol-water
solutions graph [40].
The performance of the device is based on the conversion rate. The condensate
analysis was done on the exhaust stream to get additional insights on the conversion
rates. However, the testing results were inconsistent due to the remnants of the
condensate, which will be improved in future work.
2.3.6.b Fuel conversion rate. The molar flow rate of water condensed
can be divided by the stoichiometric coefficient of water to determine the extent of
reaction (the rate of methanol consumed in the reaction). The conversion rate XH2 O
is then calculated by dividing the moles of methanol consumed by total moles of
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methanol entering the reactor.
2.3.7. Theoretical power calculations. The power produced by the system
was measured Pmeasured by a circuit connected to a National Instruments myDAQ
and analyzed using LabView software. The TEG modules were wired in series and
connected to an electrical circuit consisting of a ± 1 Ω load resistor and a rheostat.
An additional method for estimating power production was introduced to the thermal
model for comparative purposes. This method relies on experimental data provided
by the thermoelectric generator manufacturer shown in Appendix A.
2.3.7.a Power production of a thermoelectric generator. The power
produced by a thermoelectric generator is a function of the temperature gradient,
resistance and a value named the Seebeck coefficient α. Equation 30 the Seebeck
coefficient in turn is a function of temperature and the material properties of the
thermoelectric.
P = RLoad
2.3.7.b Theoretical power.

α∆T
RLoad + RInt

!2

(30)

As internal resistance Rint and Seebeck

coefficient α is dependent on the thermoelectric module operating condition which
implies Rint is varied based on TEGs surface temperatures. Imprecise values were
obtained based on the above equation. To find the approximate theoretical power,
the 2nd order polynomial curve fitting technique in the spreadsheet is used to generate
the equation based on TEG specification and ∆T .
2.3.8. Efficiency calculations. Multiple computations for efficiency were
developed to understand the possible heat losses from the system.

Also, this

performance analysis was used for the comparison of MTC device efficiency with
literature provided rather than predicting the system efficiencies. Each efficiency
provides insight into a different aspects of the system. There are two major reasons
for the inefficiency of the system: first, the system has not been optimized as of
20

yet, previous work has focused on proof of concept rather than efficiency; second,
thermoelectric generators have a typical efficiency of only 5-8 %, which means the
electrical energy they produce is 5-8 % of the thermal energy provided. Which limits
the overall efficiency of the device.
2.3.8.a Thermal efficiency ηT h . The thermal efficiency of the system is the
percentage of thermal energy produced by the reaction that is converted to electrical
energy. This quantity is calculated by using power measured Pmeasured from MyDAQ
and total energy produced Q̇theo as shown in Equation 31.

ηthermal =

Pmeas.
× 100
Q̇theo.

(31)

2.3.8.b Optimal system efficiency. The optimal system efficiency is based
on the optimal power production and the theoretical power provided to the system.
The theoretical power provided to the system is calculated using mass flow rate of
methanol by the lower heating value of methanol. The optimal power production
is the estimated power that the system could generate based on the temperature
gradient achieved and the specifications of the thermoelectric generators Equation
32.

ηopt. =

Pgen
× 100
ṁ∆H

2.3.8.c Thermoelectric generator efficiency.

(32)
The thermoelectric

generator efficiency is the estimated efficiency of the device in converting thermal
energy into electrical energy. This is estimated by dividing the power measurement
from the power curve by the calculated heat flow to the thermoelectric generators
Equation 33.
ηT EG =

Pmeas.
× 100
Q̇T EG
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(33)

2.4. List of Constraints
The constraints of this work are as follows:
1. Dimension of reactor surface should be same as the dimension of TEG.
2. Maximum surface temperature of the reactor should not exceed 300 ◦ C (per
TEGpro specification )
3. Reactor wall temperature should not exceed the melting point of aluminium
(reactor material)
4. Maximum power obtained from the TEG is 9.8 W.
5. Volume of the MTC device should be less than 12” × 6 ” × 6” × (portability
constraint)
6. Maintain vapor-phase liquid fuel throughout the system to avoid condensation.
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Chapter 3
Materials and Methodology
3.1. Material Synthesis
The successful catalytic combustion of inlet feed mixture begins with
synthesizing and preparing the catalyst material. The following section provides the
detailed explanation of synthesis techniques and catalyst substrate preparation. For
standard operating procedure refer to Appendix B.
3.1.1.

Platinum nanoparticle synthesis. Previously, several colloidal

synthesis methods were investigated to find the best method in terms of ease of
synthesis and narrow particle distribution by Applegate et al [34]. A wet chemical
method reported by Bonet et al. [41] was an effective approach to synthesize platinum
nanoparticles. For synthesis, 45 mL of ethylene glycol (EG, 99.8%, Sigma Aldrich)
was added to a reflux reactor and placed in an oil bath which was preheated up
to 150 ◦ C using a hot plate. While heating, two solutions were made. Solution 1
was made by dissolving 500 mg of hexachloroplatinic acid (H2 PtCl6 , ACS reagent
grade, Sigma Aldrich) in 5 mL of EG. Solution 2 was made by dissolving 100 mg
of polyvinylpyrrolidone (PVP, M.W. 29,000, Sigma Aldrich) in 25 mL of EG. Before
adding solutions, a magnetic stirrer was added to the reflux reactor. Once the oil bath
was at 150 ◦ C, Solution 1 was added to the reflux reactor. Solution 2 was added to the
reactor at a rate of 1.5 mL/min using a peristaltic pump. When both solutions were
combined with the EG in the reflux reactor, the final solution was held at 150 ◦ C for
one hour. After one hour, the reactor flask was removed and held under cold running
water to rapidly cool the nanoparticle solution. The cooled solution was placed in a
capped container for storage. After several hours, particles fall out of solution, so it
was always necessary to agitate the container before use.
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Prior to use in the reactor, the platinum base solution must be cleaned by
separating the nanoparticles from the ethylene glycol. To do this, 5 mL of EG-PVP-Pt
nanoparticle solution was mixed with 25 mL of acetone and mixed well. The solution
is then centrifuged for at least three minutes at 3,000 rpm or until two distinct phases
have formed. The supernatant was drained, and 5 mL of deionized water was added.
Agitated by vortexing each tube, the solution was poured into a small beaker and if
particles were stuck to the sides of the tube, a plastic stir was used to manually scrape
them off. To ensure a consistent, desirable particle size, the solution was sonicated
using tip sonicator (BioLogics, INC., Model 300VT Ultrasonic Homogenizer) at full
power for at least three minutes at its highest power. Figure 4 represents the clean
aqueous platinum solution sonicated for 5 minutes at 50-70% power. If the synthesized
solution does not work the possible causes of failures are listed in Appendix C.

Figure 4. Cleaned and sonicated aqueous platinum nanoparticle solution.
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3.1.2. Substrate preparation. A cordierite monolith substrate (Corning
Inc.) was utilized for uniform nanoparticle distribution. The base monolith was a
cylinder with a length of 154 mm and a diameter of 114 mm. A cross-section of the
monolith had a cell density of 139.5 cells per square cm (900 cells per square inch),
each cell with a width of 0.85 mm and a wall thickness of 0.05 mm. A bandsaw
was used to cut disks of 19.05 mm (0.75 in) in length. The disk was cut into the
rectangular substrate with inlet cross-section 26 mm × 9 mm (300 parallel channels)
and 9 mm long using a razor blade, as seen in Figure 5. Blank substrates were cleaned
with methanol and acetone, respectively, and then dried using the furnace. This step
was performed just before the first deposition on each substrate.

Figure 5. Substrate (26 mm × 9 mm × 9 mm) in its final state prior to coating and
used for combustion.
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3.1.3. Platinum deposition on the substrate. A step-by-step coating
method is used to deposit Pt nanoparticles. The substrate is placed in an upright
position with the channels running vertically in a fitted dish (Figure 6a). Cleaned
particles are poured down the channels and dipped to allow capillary action to
completely fill each channel. The substrate is then laid flat on a drying block with
the channels running horizontally. Next, it is heated in a Thermolyne furnace at 300
◦

C for 25 minutes to evaporate the water from the solution, allowing the particles

to deposit on the sides of the substrate. This is considered one coat on whichever
side of the reactor is on the bottom, touching the drying block. During the drying
process, the bulk of the deposited platinum rested on the bottom side of the substrate
channels. By rotating the substrate after subsequent coatings, multiple sides were
coated. Typically, this was done by coating one side at a time and then rotating
180◦ , 90◦ , and 180◦ , with respect to the previous coat, as seen in Figure 6b. This
illustration shows the possibility of Pt nanoparticles depositing on the walls within
the channels at different rotation. Marks were placed on the substrate to distinguish
the four sides. Approximately 2 mL of solution was deposited inside the substrate
with each coat. The solution was calculated to contain 5 mg of Pt nanoparticles per
mL of solution or 10 mg per coat. All experiments were conducted with one of two
coating patterns, two opposite sides single-coated (2SSC) and four sides single-coated
(4SSC) shown in Figure 7.
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(a)

(b)

Figure 6. (a) Substrate is placed in an upright position with the channels running
vertically in a fitted dish. (b) Steps during the coating process of the cordierite
substrate. Showing how each coating coats a different wall with in the channels [42].

Figure 7. Substrate in its final state after four side single coated with Platinum
nanoparticles and ready to use for combustion.
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3.1.4. Material characterization. The synthesized Pt nanoparticles were
characterized with small angle X-ray scattering (SAXS) and X-ray diffraction (XRD,
PANalytical 9430) to determine the primary particle size and size distribution of
cleaned Pt solution deposited.

X-ray diffraction analysis based on constructive

interference of monochromatic X-rays was conducted on cleaned Pt nanoparticles
dispersed on a glass slide and using a scan rate of 2◦ /min in continuous scan mode
with a CuKα source (λ = 1.5405◦ A). XRD data was analyzed using Scherrer analysis
seen in Equation 34 where D is the particle diameter, λ is the wavelength of the
x-ray source, K is a dimensionless shape factor, B is the Full width at half maximum
(FWHM) in 2θ and θ is the location of the peak. By depositing cleaned Pt solution
between Kapton sheets and using the Small Angle X-Ray Scattering (SAXS) mode
over -0.115◦ to 5.005◦ with a step size of 0.0100◦ and a scan speed of 0.02◦ /s the
average particle size and size distribution was obtained.

D=

Kλ
Bcosθ

(34)

Pre-combustion and post-combustion analysis was done using scanning
electron microscope (FEI SEM, Apero S). SEM samples were prepared by removing
fragments of coated substrates using a razor blade, placing them on carbon tape.
Additional low vacuum detector (LVD) device was used to reduce the charging effect
in SEM. Imaging was performed at an accelerated voltage of 5 kV by varying the
working distance accordingly.
3.2. Reactor Design and Experimental Setup
3.2.1. Reactor design. Once the substrate was coated and dried, the reactor
is then prepared for testing. The work of this thesis began with a new stainless-steel
drawer which was placed in a copper microreactor (Cu-SS). The previous Teflon
drawer reactor was slightly modified due to the deformation of the material was
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observed at higher temperatures. The new stainless-steel drawer was developed to
prevent this deformation. The Cu-SS microreactor (66 mm×46 mm×9.5 mm) was
identical to the Teflon drawer reactor where inlet was placed at the center of the
reactor back wall and outlet at the side wall of the reactor, copper plates were used
as thermal spreaders as shown in Figure 8.

Figure 8. Copper reactor with stainless steel drawer holding a coated substrate. Inlet
(horizontal) and exhaust (vertical) pipes are visible. Thermal paste was used to
couple the reactor to the TEG modules.
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This design has unique advantages such as quick turn-around for experiments,
no disassembly required and preheating through the substrate. Initially inlet tube was
designed to go through the substrate to allow preheating. Later, due to difficulties
in drilling hole through the substrate the inlet tube is placed at the entrance of the
substrate. The TEG modules (Marlow TG12-4-01LS) were placed on either side of
the reactor, and heat sinks (Cooler Master Hyper 212 EVO, 120×37.5×158.5 mm)
were used to reject the heat to the ambient. The reactor is held by mounts that
support the heat sinks and TEGs with springs and bolts that are used to apply an
even pressure distribution.
3.2.2. System setup orientation. The performance of the system was
studied with different alignment of microreactor where Figure 9 represents the vertical
alignment of a microreactor with TEGs and heat sinks mounted to the sides. At
this orientation, the inlet feed flows through the vertical substrate in the horizontal
direction and exhaust port was facing downward. K-type thermocouples with 5%
uncertainties (TC, KMTXL-020G, Omega) were used to monitor temperatures at
various locations within the MTC device. A cold trap was used as an additional
measure for condensate analysis.
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Figure 9. The vertical reactor alignment of CuSS reactor with aluminium mount with
spring loaded bolts to provide even pressure.

The flow behavior was further studied with a change in microreactor
orientation from vertical to a horizontal position as shown in Figure 10.

The

thermocouples located at strategic positions around the reactor and on various
components. Figure 11 presents the thermocouple location at the junction between
each TEG and the reactor wall, as well as a thermocouple at the junction of the
heatsink and each TEG. Also, the two thermocouples are located at an identical,
measured depth into the substrate.
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Figure 10. The horizontal alignment of drawer holder reactor with vertical aligned
heat sink on top of TEGs.

Figure 11. Thermocouple location around the TEGs (left) and inside the substrate
(right).
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3.2.3.

Stacked preheating microreactor.

Due to various challenges

presented by the CuSS reactor a new reactor was developed with enhanced preheating.
An iterative design approach guided by heat transfer simulation and experimental
studies were used to develop the final stacked-reactor design. The system performance
can be improved by utilizing the design principles such as minimum fabrication,
inlet preheating, assembly pins, modular and flexible mounting system. Most of the
stacked-reactor components were fabricated using water-jet with minimal additional
machining. The 47 mm×47 mm×19 mm reactor has two inlets and one outlet and
incorporates preheating of the fuel as shown in Figure 12. It was made of aluminum
and was sandwiched between two copper plates. Pins were used to align the reactor,
copper plates, and TEGs. The stacked preheating microreactor was designed per
dimension of thermoelectric modules (TEGpro, TE-MOD-10W4V-40, 40×40 mm)
which transfer most of the heat from the surface (copper plate) to TEGs. Insulation
surrounding the combustion chamber was replaced by preheating side channel. A
cam bolts mount was developed for easy disassembly between the experiments with
consistent mechanical pressure on reactor-TEGs assembly.
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(a)

(b)

(c)

Figure 12. (a) Top view of aluminium microreactor with preheating channels
with substrate inside (b) Isometric view of aluminium microreactor with preheating
channels, copper plate and TEG on bottom (c) Isometric view of aluminium
microreactor with preheating channels, copper plate and TEG on bottom with
substrate.

3.2.4.

Experimental setup.

Similar to our previous studies [45], the

catalysis was performed by bubbling methanol (99.8% purity, Sigma Aldrich) from
reservoirs with air flow. Unlike the previous use of synthetic air from gas bottles,
compressed filtered ambient air was used for these experiments (shop air). The
air flow rates (4000 - 10000 mL/min) were metered using rotameters (Omega) at
standard conditions. An additional metallic bubbler was added in series before a
glass bubbler to ensure adequate residence time to saturate the air with methanol.
The pre-reactor reservoir was maintained at 22 ◦ C to yield near stoichiometric
methanol-air equivalence ratio (φ).

The prepared substrates were tested in a

custom-design stacked aluminum reactor (47 mm × 47 mm × 9.5 mm). The new
design also facilitated rapid testing of a range of thermal management strategies.
The preheating side channels were used to elevate inlet reactant temperatures shown
in Figure 12. The reactor was capped with 2.5 mm thin copper plates on top and
bottom as thermal spreaders. The reactor dimensions were matched with the TEG
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modules (TEGpro, T E − M OD − 10W 4V − 40, 40 × 40 mm) placed on either side
of the device. Heat sinks (Cooler Master Hyper 212 EVO, 120 × 37.5 × 158.5 mm)
were used to reject the heat to the ambient. A custom clamping mount was used to
apply even and consistent mechanical pressure to the reactor-TEG assembly. K-type
thermocouples with 5% uncertainties (TC, KMTXL-020G, Omega) were used to
monitor temperatures at various locations within the MTC. A cold trap was used as an
additional measure for condensate analysis. The TC locations are indicated on Figure
13. The temperature measurements were recorded using Labview DAQ system at 10
Hz. Exhaust gas data was analyzed using gas analyzer (CM − 0053, CO2Meter.com)
that measured CO2 and O2 using solid state gas sensors. The power produced by
the system was measured by a circuit connected to a National Instruments myDAQ
and analyzed using LabView software. The TEG modules were wired in series and
connected to an electrical circuit consisting of a 1 Ω load resistor and rheostat.

35

heat sink
air in

thermoelectric
device
TC

near stoich.
methanol-air
mixture

TC
TC

TC

TC
TC

Pt-coated
ceramic substrate

methanol
bubbler

Figure 13. The schematic experimental setup of the microcombustion reactor where
compressed air enters through the mass flow meter and resultant methanol-air mixture
enters the reactor where it combusts. The thermocouple locations are represented
with legend TC inside the reactor and TEGs surfaces.

3.3. Fully Portable MTC Device
A prototype of a fully portable MTC device can be seen in Figure 14, where
the methanol bubbler was replaced with custom-made acrylic methanol tank (101
mm×50 mm×38 mm) on an aluminum base aligned with the TEGs. The volume of
the acrylic tank was ∼ 198 cm3 and able to store ∼ 150 mL of methanol per each fill.
This tank consists of three ports from left to right for air inlet, fuel refill port and
air-mixture outlet port, respectively, as shown in Figure 14a. The acrylic tank was
filled with beads and the L-shape copper tube connected to an air-inlet port. These
beads provide circuitous pathway of compressed air to increase the residence time
to saturate air with methanol. And the additional material was removed from the
base to reduce the thermal mass in the system (as seen Figure 14b). An air pump
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(KNF, NMP 015 S “Standard DC motor”) was used to replace the compressed house
air and allow the system to operate independently. Electrical circuit and an Arduino
program designed to control the pump to maintain a constant flow rate. The whole
system shown in Figure 14 is standalone portable device to run an experiment at a
different location when supplied with fuel.
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(a)

(b)

(c)

Figure 14. Portable configuration of the microcombustion thermoelectric coupled
device which includes an air pump, acrylic methanol tank and self contained power
source.
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Chapter 4
Results and Discussion
4.1. Catalyst Material
The synthesized platinum nanoparticles were analyzed using the X-ray
diffractometer and Scherrer analysis which yielded an average Pt particle size of
dXRD = 8.9 nm. The small angle X-ray scattering investigation was performed to
confirm the primary size and size distribution of the Pt sample. The results were
validated to stability criteria with EasySAXS tool, using Gaussian approximation
method, this yielded dSAXS = 9 ± 3.8 nm. The study of Pt nanoparticle through TEM
images of the colloidal dispersion particles did not show any sign of necking behavior
between particles and yielded the primary particle size dp,T EM = 6.7 nm as shown
in Figure 15 [35]. The obtained results showed the consistency in their composition,
morphology and particle size throughout the research. A nominal particle size of 8
nm was determined as referral particle diameter to avoid the conflicts between dXRD,
dSAXS, dP,TEM caused by intrinsic influence in the examination approaches.
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Figure 15.
TEM images of precombustion platinum nanoparticles analysis
collaborated with Drexel University (a) with particle size distribution of 118 particles
(b) [34].

The visual inspection of particle behavior was performed on the pieces of
the coated substrate for pre-catalysis and post catalysis using SEM. The images are
provided in Figure 16 at its maximum visual magnitude. The dip-coating method
yields a reliably uniform distribution of catalyst material within and across the
channels when observed at the macroscopic scale. The non-uniformities manifest
themselves at the microscopic scales. The low vacuum pressure mode was used
for the analysis of pre-combustion sample represented in Figure 16a shows a wide
range of particle size from 6 nm to 13 nm. Further analysis of those bright spots
was difficult due to instrument limitation which was assumed to be the cluster of
nanoparticles. Analysis of post-combustion samples was prepared in a similar way
as the pre-combustion analysis, where the fragments were taken from the samples
that experienced ∼ 3 hrs of catalysis. Upon catalytic combustion, temperature
measurements along the substrate channels reveal a non-uniform temperature.
Temperatures > 1000 ◦ C were recorded at the reactant entry while ∼ 400 ◦ C was
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observed at the substrate exit.

(a)

(b)

(c)

Figure 16. (a) SEM image of Pt particles deposited on the substrate walls before
combustion (pre-combustion). Post-combustion images of substrate after ∼ 3 hr
catalysis (b) at the reactant entrance of the substrate and (c) at the center of the
substrate.

A study of non-uniform spatial temperatures along the flow direction and
nanoparticle catalytic behavior at the axial locations was conducted on fragments of
the substrate at three distinct regions. The spatial evolution of nanoparticle sintering
and catalytic activity follows the trend of the non-uniform spatial temperature of
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substrate, i.e., nanoparticles are expected to coalesce and coarsen near the entrance,
whereas they are expected to maintain their fine structures near the substrate exit.
Figure 16b represents an SEM image of a substrate fragment near the entrance that
experienced a peak temperature of 1150 ◦ C while Figure 16c is an image of a fragment
located at the center of the substrate that experienced a steady state temperature
of 700 ◦ C. As evident from the images, the particles demonstrate a higher degree of
coalescence when exposed to a higher temperature at the entrance when compared to
the center or exit of the substrate. Catalyst particles at the exit with ∼ 400 ◦ C local
temperatures demonstrated minimal effects of sintering. The in-situ analysis of the
nanostructural degradation of catalyst material across the catalytic channel shows
the catalytic degradation has a minimal effect on a catalytic activity which remained
stable over the experimental cycle. In addition, the room-temperature ignition of
the substrate was not affected after multiple catalytic cycles lasting over one hour.
Steady-state substrate temperatures Tsub were reached in the order of 5 minutes for
each subsequent cycle. It is assumed that the catalyst material across the substrate
channels attain a stable structure beyond the initial coalescence transition.
A cordierite monolith substrate provides an effective platform for hosting
platinum nanoparticle with a uniform distribution throughout the channels. Chen
et al. [43] and Chou et al. [44] showed the porous materials display the benefits
of the large specific surface area, uniform coating and have the potential to become
a generation of catalyst support for hydrogen production in catalysis. Moreover,
the microscale catalytic channels can potentially attenuate gaseous combustion to
improve reactor surface temperatures [25]. Knowing that the catalytic combustion
at high temperature will experience catalyst restructuring, the level of sintering was
examined at its elevated temperatures. Whilst sintering is expected within the reactor
melting
with a temperature above Tammann temperature (0.5 TBulk
[K]) [45], the degree

of the sintering decreases gradually away from the entrance of the substrate. For 180
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mins of experiment time, particle loses its nanoscale features to micron scale features
which lead to moving Pt nanoparticle on the surface. Hasen et al. [46] state that the
particle size at (3 < d < 10) nm are more stable, sintering slows down as the size of
the particle and interparticle separation increases.
The studies on the sintering mechanism state that when nanoparticles stay
inside the pores after high temperature treatments, the metal particle sizes grow
larger than the pore size [47, 48]. Upon clear examination of the sintering behavior
shows the migration of nanoparticle likely depends on the temperature at the location,
which is dependent on the fuel flow pattern inside the reactor. The steep longitudinal
temperatures are due to the energy released by methanol oxidation, thus a study
on chemical kinetics will provide critical insights to improve the performance of
heterogeneous catalysis. The catalytic material stability is prolonged by limiting
its restructuring. The steep longitudinal temperature profile can be reduced using
a relatively higher thermal conductivity substrate [23, 49] and the sintering effects
can be further mitigated by applying stabilizing coatings or modifying the host
material [50, 51]. However, sintering of catalytic material observed in Figure 16 did
not dramatically impact the microcombustion operation as indicated by the stable
substrate temperature. A temporal study is needed to gain further insights on the
long-term material stability and its impact on combustion chemistry.
4.2. System Orientation & Flow Behavior
The initial experiments involves in studying the system behavior by changing
the reactor orientation with Cu-SS drawer reactor shown in Figure 9 and Figure
10 with 2SSC at 600 mL/min. Figure 17 represent the temperature behavior of
the vertical reactor mounted with TEGs and heat sinks sideways.

Even TEGs

temperature profile (Th1 , Tc1 ) and (Th2 , Tc2 ) were obtained when the heat sinks were
arranged on sideways.
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Figure 17. The temperatures history of vertical alignment of drawer holder reactor
with TEGs and heat sinks on top of it with 2SSC substrate at 600 mL/min.

But an asymmetrical temperature profile was observed inside the substrate
labeled as Tsub1 and Tsub2 located at both sides of the inlet port. Additionally, the
system failed to reach a steady state even after 60 mins of run time. This asymmetry
in Tsub was caused due to the nonuniform flow of methanol-air mixture in substrate
channels. As a result of the lower substrate temperatures and unsymmetrical inlet
flow behavior led to quench the catalytic substrate. This effect can be seen in deep
temperature drops and sharp peaks of Tsub and fluctuations in Texhaust .
The system behavior was studied by switching reactor mount to the horizontal
position as shown in Figure 18. A slight improvement in internal combustion was
obtained but the asymmetry in Tsub was still observed. Water droplets in outlet
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copper tube were observed which suggested quenching effect that can also be seen in
Texhaust . The difference in TEGs temperatures was caused due to natural convection.
The study shows that the location of the exhaust impacts the system behavior. The
study on catalytic lifetime was conducted simultaneously, x-axis in the Figure 18
shows the duration of experiment conducted. The substrate was able to maintain
sustainable catalytic combustion for 175 mins of continuous run time.

Figure 18. The temperatures history of horizontal alignment of drawer holder reactor
with TEGs and heat sinks on top of it with 2SSC substrate at 600 mL/min.
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(a)

(b)

(c)

Figure 19. (a)The geometry of 3D theoretical model with heat generating source
inside it. (b)Velocity magnitude of 2D drawer reactor model at 1000 mL/min
flowrate. (c) The temperature profile through the 3D geometry at 800 mL/min.
The streamlines were drawn to represent the fluid flow direction.
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For a better understanding of such thermal behaviors, the theoretical model
(Figure 19a) was developed and simulated using COMSOL. The detailed explanation
on model geometry and governing equations are discussed in Appendix D. It was
expected that theoretical model will be a replica of an actual MTC device. Due to
the limitation in designing an actual chemical model of catalytic combustion of the
methanol-air mixture, a block of heat generating source was developed. The result
of the theoretical model can be seen in Figure 19b and Figure 19c. Figure 19b shows
the velocity magnitude of the 2D reactor model at 1000 mL/min. Initially, inlet fluid
flowed through substrate channels and reverse flow was leaning towards the outlet
port. Figure 19c shows the temperature behavior of the fluid flow in the 3D theoretical
model. The results confirm that the configuration of the reactor structure is affecting
the fluid flow on one side of the reactor closer to the exit. Due to this uneven flow
behavior, the asymmetrical temperature was obtained. However, this model was not
identical to the actual experimental setup, so the results obtained cannot be used
to validate the experimental results. Since the heat released from the substrate was
based on chemical kinetics, the detailed catalytic chemical reaction model is required
to provide critical insights. For instance, Yan et al. [52] used a numerical study of
methane-air catalysis to inform reactor thermal management decisions. Such insights
can also guide the design of catalytic surfaces that are tailored to promote a more
distributed heat release along the substrate channels. Thus, due to the constraints
in the theoretical model and inefficient results, this work mainly concentrated on the
empirical approach to enhance performance.
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4.3. Fully Portable MTC Device Study
4.3.1. MTC device with methanol reservoir. To improve the resilience
and portability of MTC device a novel acrylic methanol tank was designed to replace
the fragile bubbler, lab glassware, and heat sink. The CuSS drawer reactor was
modified by changing the outlet copper tube next to the inlet tube to preheat
inlet feed.

The experiment was conducted by placing methanol tank on top of

TEG1 and heat sink on TEG2 at 1000 mL/min with the 4SSC substrate. The
new methanol reservoir approach was able to achieve room temperature self-ignition
spontaneously. Figure 20 presents the temperature history of the MTC device with
methanol reservoir. Even the change in position of the outlet does not help in reducing
the effect of asymmetrical temperatures inside the substrate (Tsub1 and Tsub2 ). The
variation in substrate temperatures was due to the adjustment in thermocouple
positions. TEG1 with methanol reservoir temperature was labelled as Th1 and Tc1 ,
similarly for TEG2 as Th2 and Tc2 . The gradual increase in the exhaust and TEGs
temperatures were observed. After 28 mins of run time, the system temperatures
were dropped due to an insufficient amount of fuel in the tank which was refilled
later. TEGs temperatures were unable to reach a steady state even after 80 mins of
run time.
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Figure 20. The temperatures history of drawer holder reactor with a novel acrylic
tank and heat sink on top of it with 2SSC substrate.

Analyzing the concentration of methanol in the condensate and close
examination of Tc1 temperature showed that the increase in methanol tank
temperatures led to evaporate more methanol as compared to normal bubbler
setup at same flowrate. Due to the excessive amount of methanol in inlet feed, the
results indicated quenching behavior within the substrate. The effect of variation in
inlet feed can be reduced by maintaining the constant cold side temperature (Tc1 ).
The flexible acrylic methanol reservoir design has an ability to increase in its volume
for continuous long run experiments. Regardless of temperature profiles, the new
methanol delivery system was a unique approach with successful room temperature
ignition and sustainable catalytic combustion. Work done by the researchers like
Irankhan et al. [53] and Zhang et at. [54] shows there is potential in exploring
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efficient fuel supply system and heat source for a compact integration and high
efficiencies. Additional testing and analysis are necessary to find a proper methanol
concentration and steady state condition.
4.3.2.

Stacked preheating microreactor.

The computational work

provides critical insights into the possible fluid flow and heat losses from system
.

The results obtained from the computational helps in designing an improved

preheating microreactor that utilizes the heat loss from a side of the reactor to
preheat the inlet feed mixture. Figure 21 presents the temperature profile of an
improved microreactor for a 4SSC substrate with continuous variation in the inlet
feed mixture. The Tsub and the TEGs temperature were dramatically increased at
8000 mL/min and the maximum substrate temperature of ∼ 1100 ◦ C was obtained.
The catalytic performance is studied by dropping the air flow to 4000 mL/min. A
rapid decline in substrate temperature was observed whereas a gradual drop in other
temperature profiles. The experiment shows steady temperatures for 15 mins, then
the system was shut down and turned back on to 8000 mL/min after 5 mins to
study the sustainability of catalytic combustion. The second catalytic cycle shows
improvement in its catalysis, this might be due to the active sites of Pt nanoparticles
caused by the initial restructuring. The mean Tsub = 1250 ◦ C was obtained with Th1 ,
Tc1 , Th2 and Tc2 as 236 ◦ C, 112 ◦ C, 231 ◦ C, and 103 ◦ C respectively. The average
∆TT EG of 126 ◦ C was obtained and the measured power output at this temperature
difference from the TEGs is shown in Figure 32.
The higher temperature at the second cycle might have also occurred due to
the rapid evaporative cooling of the methanol bubbler at higher flow rates. The
evaporative cooling is known as the evaporation of liquid resulting in a reduction of
the temperature, which removes latent heat from the surface of the liquid. Based on
the Equation 5 and Equation 6, the molar composition of methanol left in the gas
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phase shows that the inlet fuel/air ratio is at lean mixture which affects the system
performance. However, further analysis with lean and rich methanol-air mixture is
required to get insight on system behavior with new operating conditions.

Figure 21. A single catalytic cycle of lean methanol-air mixture experiments shows
the temperature of substrate Tsub , exhaust Texhaust , hot side Th and cold sides Tc of the
TEG modules; at varied air flow rate using two-sided single coated (2SSC) substrate.

The performance analysis study was used to analyze the system performance.
Table 3 represent input parameters used for calculating the heat generation and
efficiencies. The preliminary results of the performance analysis for both old CuSS and
new stacked preheating microreactor are shown in Table 4. The results indicate the
fuel conversion of the current design has greatly increased. The actual heat generated
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Q̇actual based on Xconv was improved with new reactor design. Additionally, the heat
loss Qsides = 12.6% from old design lead to the inclusion of the preheating channels
on the side of the reactor. However, due to the rise in the amount of the inlet feed
mixture (>5 times than old reactor flow rates) with current system resulted in an
increase of Qexhaut , Qsides by 5X. Overall the results from the performance analysis
shows there is a huge scope for improvement in the current design by reducing the
heat losses from system.

Table 3
Input parameters.
Input values Cuss drawer microreactor Stacked preheating microreactor
Texhaust [◦ C]
50
180
◦
Th [ C]
70
160
Tc [◦ C]
40
100
∆T
30
60
V̇air [mL/min]
1000
8000
Xconv [%]
50
75
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Table 4
Preliminary results of thermal model for CuSS and Stacked preheating
microreactors.
Performance
Analysis
Q̇theo [W]
Q̇actual [W]
Q̇T EG,total [W]
Q̇exhaust [W]
Q̇sides [W]
ηthermal [%]
ηT EG [%]
ηsystem [%]

CuSS drawer microreactor Stacked preheating microreactor
59.5
29.7
25.3 [85%]
0.65 [2.3%]
3.74 [12.6%]
0.28
0.33
0.15

475
356.5
83.5 [23.45%]
30 [8.5%]
242.87 [68.15%]
0.13
0.58
0.1

4.3.3. MTC device with an air pump and tank. The new stacked
microreactor was tested with a new air pump in the process of improving the
portability of the system which was restricted by using in-house compressed air of
maximum flow rate of 1000 mL/min. Compact integration was the main requirement
in the design approach, thus a custom air pump was used with a maximum of 1.05
W input power to supply compressed air. Figure 22 shows the thermal behavior
with a new set up at 800 mL/min with the 2SSC substrate. The system failed to
self-ignite initially thus the butane torch was used to preheat inlet feed mixture. The
new reactor with air pump gave average ∆TT EG ∼ 30 ◦ C based TEGs hot side and
cold side temperatures. The exhaust temperature Texhaust increases faster than the
∆TT EG , means the reactor is essentially losing more heat even at lower flowrates.
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Figure 22. The temperatures history of portable MTC device includes acrylic
methanol tank, air pump, TEGs and heat sinks and new preheating microreactor
with 2SSC substrate.

The “on-board” compressor pump approaches the ultimate vision of how the
MTC device is used for actual field applications. The air pump can achieve effective
performance, even if it is not at an optimal flow rate. However, this air pump provides
supply air flow of maximum 1000 mL/min. But the current reactor design requires
a minimum of 6000 mL/min which implies there is a need to upgrade the air pump.
The present work is the proof-of-concept and is a critical step towards providing the
insights into the optimization of the device setup. Aravind et al. [17] shows if MTC
device achieves higher efficiencies, minimal energy is required to run the air pumps.
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4.4. MTC Device Study
The microcombustion thermoelectric coupled (MTC) device was tested
in ambient conditions using stacked microreactor where the catalytic combustion
experiment is initialized with the flow of reactant mixture through the Pt-impregnated
substrate.

Figure 23 represents typical temperature history with the room

temperature ignition of a methanol-air mixture through two-sides single coated
(2SSC) substrate at 8000 mL/min air flow. Note, that the flow rates are ten times
(> five times the average velocities) our previous studies reported in McNally et al.
[45], facilitating much higher heat generation rates. Figure 23 shows methanol-air
mixture flow turned on, substrate temperature (Tsub at center) rapidly increases
during ignition before gradually reaching steady state. Initial peak was commonly
observed at the initial stage of reaction which builds up the transience of methanol
conversion and reaches steady state. Exhaust temperature Texhaust was measured
at the exhaust port of the reactor. Texhaust reaches a steady temperature within
10 minutes of operation. The hot side and cold side temperatures were measured
at the center of the TEGs surface. The uniform temperature distribution on the
copper plates was observed. Unlike CuSS reactor, the symmetrical flow in substrate
was observed as inlet feed flowed from the preheating channels. The top side of the
reactor was labeled as the TEG 1 giving an average hot side temperature Th1 =
142 ◦ C and cold side temperature Tc1 = 89 ◦ C. And the bottom side of the reactor
was indicated as TEG 2 which showed an average Th2 = 135 ◦ C and Tc2 = 82 ◦ C
respectively. Relatively higher temperatures are associated with the top TEG module
(Th1 and Tc1 ) and relatively lower temperatures were observed for the bottom module
(Th2 and Tc2 ). The difference can be explained by natural convection and can be
eliminated by switching the reactor orientation sideways (heat sinks to the sides of
the reactor). However, such an orientation yielded highly asymmetrical temperature
profile within the reactor.
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Figure 23. A single catalytic cycle of methanol-air mixture experiments shows the
temperature of substrate Tsub , exhaust Texhaust , hot side Th and cold sides Tc of the
TEG modules; at air flow rate 8000 mL/min using two sides single coated (2SSC)
substrate.

Figure 24 represents the temperature histories at the specified locations of the
device with a four-sided single coated (4SSC) platinum substrate and 8000 mL/min
air flow. With an increase in catalyst mass load lead to increase in the system
temperature profiles. The spike in the plot after 25 mins was due to the adjustments.
Neglecting those spikes the steady temperature profiles were observed for exhaust,
hot side, and cold side temperatures. The substrate temperature showed steady state
within the range of its profile by ± 3 ◦ C. The exhaust and hot side temperatures were
considered to show the steady-state behavior of the system between experiments to
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avoid the conflicts caused by the substrate temperature. The noticeable increase in
exhaust gas temperature labeled as Texhaust (an average of 186 ◦ C) which is greater
than the hot side temperature (162 ◦ C). The higher Texhaust shows the potential for
improving the system performance by further recirculating the exhaust heat.

Figure 24. A single catalytic cycle of methanol-air mixture experiment show the
temperatures of substrate Tsub , exhaust Texhaust , hot side Th and cold sides Tc of the
TEG modules; at air flow rate 8000 mL/min using four sides single coated (4SSC)
substrate.
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The mean temperatures were used for performance analysis of the experiments.
For instance, Figure 25 shows the mean Tsub for 2SSC and 4SSC substrates measured
at its center over a range of air flow rates, where each experiment was conducted
for about 60 mins. The figure shows, as the flow rate of the reactant increases
the substrate temperature increases gradually. The 4SSC substrate, with twice the
amount of catalyst material, achieves demonstrably higher substrate temperature by
doubling the active catalytic sites. The higher temperatures within the substrate
generally promote the temperature gradient across the TEG module (Th − Tc ).
Conversely, the higher temperatures can have a detrimental effect on long-term
material stability.

Figure 25. A study of the mean substrate internal temperature as a function of air
flow rate for a two-sides single coated (2SSC) and four-sides single coated (4SSC)
substrate.
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The variation in temperature profile at TEGs hot side and cold side with
varying mass load is represented in Figure 26 and Figure 27 for 2SSC and 4SSC
samples. The drop off in TEGs temperature profiles and low conversion rates were
observed after 8000 mL/min due to the insufficient residence time for the reaction.
Though the internal temperature was raised at this flowrate, there is additional heat
loss through the exhaust due to insufficient amount of time to extract heat through
the heat sink.

Figure 26. Temperature history of TEGs average hot and cold sides with 2SSC
substrate.
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For 2SSC in Figure 26 at 10000 mL/min it was observed that the amount
of heat flow through both the TEGs was constant due to the rate of heat transfer
through heatsink from the reactor was uniform for that specific internal temperature.
With an increase in mass load leads to the rise in internal temperature at the same
flowrate the Th1 which is now varied as natural convection heat flow from top heat
sink that is higher than the bottom. The highest temperatures were obtained at the
flowrate of 8000 mL/min whereas an increase in inlet mixture for the fresh catalysis
led to a high increase in temperature. However, this increase was followed by a rapid
decline in fuel conversion from 90% to 69% after 6000 mL/min.

Figure 27. Temperature history of TEGs average hot and cold sides with 4SSC
substrate.
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The impact of flow rate on the temperature gradient across the TEG modules
was investigated. Figure 28 shows the mean ∆TT EG temperature for each substrate
with varying air flowrate to accumulate the maximum power from a module. The
maximum ∆TT EG = 62 ◦ C was obtained at 8000 mL/min at 4SSC and ∆TT EG = 51 ◦ C
for 2SSC substrate. Figure 29 represents the variation in exhaust temperature with
the change in inlet feed. The clear examination of exhaust gas behavior shows most of
the heat generation at the higher flow rate is lost through the exhaust stream, which
does not contribute to the critical temperature gradient ∆TT EG across the TEGs.
Recognizing the exhaust heat loss is a function of the residence time, integration of
an exhaust recovery module within the device can dramatically impact system

Figure 28. Mean temperature difference ∆TT EG across TEG modules at various flow
rate through 4SSC and 2SSC substrates.
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performance.

The study highlights the need for harnessing aspects of thermal

management design to augment the benefits of catalytic microcombustion.
With an integrated approach of including preheating channels, the most recent
microreactor afforded notably higher flow rates compared to the previous reactors [36],
while achieving room temperature ignition of methanol. The temperature dependent
flow residence time was calculated using τres,T = {|vz d(lnT )/dz|−1 } [55], where vz
is the horizontal velocity, τres,T is the temperature dependent residence time and
d(lnT)/dz is the temperature gradient along the substrate. And the τres,T ranged
from 9-3 ms for 4000-10000 mL/min air flow rates. Based on the close approximations
of Pt-based catalytic combustion of methanol by [56], the computed flow residence
time is sufficiently large for methanol conversion. The methanol conversion based on
exhaust analysis (using the gas analysis and water condensation) was estimated to be
> 69% for 8000 mL/min. This is compared to the best fuel conversion of 60% from
the previous work at much lower flow rates.
However, the fuel conversion was dropped simultaneously from 90% - 70%
with the decrease in residence time. The higher reaction temperature decreases the
hydrogen yields and increases CO concentration due to reverse water gas shifting
(WGS) reaction [57].
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Figure 29. Mean exhaust temperature behavior at various flow rates through 4SSC
and 2SSC.

The investigation on possible heat loss was conducted, overall efficiency was
affected by various heat losses, the major heat loss was caused by the exhaust and
similar effect was observed by Aravind et al. [14]. Several studies have been conducted
for improving the system performance, heat recirculating combustor from excess
exhaust enthalpy shows the higher thermal efficiencies with a wide range of inlet
conditions [58]. The higher exhaust temperatures obtained in this present study
increases the possibility of improving the system performance by recirculating the
exhaust stream through the surface of the TEGs hot side.
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4.5. Power Output Study
Electrical power output from the two TEG modules was measured in series.
Figure 30 represents the actual power curve generated with varying load resistance,
measured after the system reaching the steady state. The maximum power is obtained
from TEGs when its internal resistance matched with electrical load impedance [59,
60]. Iload Isc/2 or Vload = Voc /2 is the point where the maximum power exists.The
external electrical load resistance in the circuits connecting to the TEG matches with
internal electric resistance Rin of the TEG shown in the Figure 30. Where the Rin
absolute value is dependent on the TEG operation conditions. The power output
measurements were conducted after the system reached steady state, as determined
by the TC probes.

Figure 30. TEG current and voltage behavior plotted alongside the power output on
the secondary axis for 4SSC substrate with 8000 mL/min air flow rate.
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The IV-curve generation took <1 min, ensuring a steady operation assumption.
Figure 31 presents the measured maximum power outputs from the two substrates
at varying flow rates (solid lines). The results map well to the ∆TT EG trends with
the higher power outputs observed for higher catalyst loading substrate (4SSC). The
linear increment in power from 4000 mL/min to 8000 mL/min was observed with a
gradual drop later. The maximum power of 313 mW at 8000 mL/min with 2SSC
substrate was obtained with the present circuit connection and the theoretical power
at ∆TT EG of 51 ◦ C was estimated at 1132 mW power output. For 4SSC the maximum
493 mW of actual power was drawn through TEG and its theoretical output at the
temperature difference of 62 ◦ C produces 1406 mW power.

Figure 31. Maximum electrical power output as measured (solid lines) and theoretical
electrical power output based on ∆TT EG (dashed lines) for 2SSC and 4SSC substrates
at varying air flow rates.

65

The theoretical power was calculated using the temperature difference from
the TEGs to study the TEG performance. Due to the external effects, the TEGs were
able to produce approximately 36% of its actual capacity. The significant effect in
TEG performance was caused by various parameters. For instance, the force applied
by mechanical clamps on TEG also indirectly contribute to the variation in electrical
operation points which is dependent on thermal contact resistance [61]. Moreover,
when the TEGs are connected in series the internal resistance of the TEGs varies
from 2 Ω to 12 Ω at different clamping pressure and surface temperatures. But based
on the TEGs specification the internal electric resistance (Rin ) should lie between
0.8 Ω to 2 Ω to obtain its maximum efficiency. The wiring and connectors used for
the series connection of the TEGs contribute to the additional load resistance which
decreases the power output and similar effect was observed by [62]. To avoid the
conflicts caused by the external effects that impact the performance of TEG, the
theoretical power values based on 2nd order curve fitting technique based on TEGs
specification and ∆TT EG was used. Detailed investigation of the TEG modules is
required for more insight on its operating condition which helps in improving the
TEG efficiencies.
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Figure 32. TEG current and voltage behavior plotted alongside the power output on
the secondary axis gives maximum of 1.94 W MTC device for 2SSC substrate at lean
air-fuel mixture.

Despite the low measured power, the system operating condition is also
affecting the power output from the TEGs. The power data was measured at assumed
stoichiometric methanol-air equivalence ratio (φ = 1) by maintaining a constant
methanol bubbler temperature.

When the MTC device is at normal operating

conditions without any additional heat supply to the reservoir, the higher reactor
temperature was obtained shown in Figure 21. The average ∆TT EG of 124 ◦ C yielded
maximum Pmeasured of 1.96 W at lean mixture with an equivalence ratio of ∼ 0.85
based on methanol temperature. This is the highest power obtained from the system.
However, the temperatures were dropped eventually and the system headed towards
too lean mixture which affects the power output. Further analysis of the variation in

67

equivalence ratio vs power generation is required to get insight on device limitation
and system operation conditions.
The overall system efficiency depends upon the conversion of thermal energy
produced from the combustion reaction to the electric energy. Multiple efficiency
calculations are produced by the thermal model. Each efficiency provides insight into
a different aspects of the system. To analyze the effectiveness of the reactor design,
the flow of heat from the reactor is monitored using the thermal model. As discussed
earlier, the total energy produced from the reactor with Lower Heating Value of
methanol (LHV, 638.55 KJ/mol) is estimated using an empirical equation based on
the moles of methanol combusted.
Considering the LHV of methanol and flowrate, the thermal efficiency of 0.5%
and the maximum system efficiency of 0.33% was obtained based on Karim et al [29]
method. Based on theoretical power and system volume which includes the reactor
volume, TEGs, and heat sinks gave an estimated power density of 0.763 mW/cm3 .
The power density was calculated based on TEGpro specification and temperature
difference. It can be varied with the different TEGs specification. The present system
configuration yields better fuel conversion and has the potential to further improve
the device performance by limiting the heat losses from the exhaust stream and
better coupling of the thermoelectric modules and the reactor. Catalyst at higher
temperatures can be poisoned by products like CO. The further investigation on the
chemical kinetics of the methanol oxidation gives an insight on reducing the CO and
helps increasing the lifetime of a catalyst. Moreover, the present work provides the
proof-of-concept for a novel integrating approach of the MTC device to achieve a fully
portable device that is robust enough for travel.
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Chapter 5
Conclusion
Multi-channel catalytic substrates serve as scalable and replaceable
microcombustion chambers.

The present work provides the novel approach

for producing electrical power from self-assisted catalytic combustion using the
methanol-air fuel mixture. The current design has the advantage of preheating inlet
feed and reducing heat loss through sides of the reactor. Material analysis of the
substrate revealed considerable catalyst restructuring due to the high temperatures
observed within the substrate channels. However limited impact on catalytic activity
was observed. The microcombustion-thermoelectric coupled (MTC) device produced
the actual measured power of 493 mW and was predicted to produce 1400 mW of
theoretical power based on ∆TT EG . The maximum fuel conversion efficiency of 90%
was obtained. Most of the heat loss was through the exhaust stream which shows the
potential for improving the system performance by recirculating exhaust enthalpy.
The results from thermal analytical model provide critical insights in enhancing the
system performance. It is assumed that with better substrate temperatures, heat
recovery system and by reducing the heat loss through the exhaust stream, the
TEG’s efficiency can be increased. Further analysis of the TEG surface temperatures
and its operating conditions will contribute to the improved system performance.
Several parameters contribute to a mismatch in the values between actual and
theoretical power, and can be reduced by future efforts managed later. In general
TEGs operating conditions with improved circuit connection, low internal wire
resistance and rheostat are few that can have an immediate impact on performance.
The present work also demonstrated the use of 10X intense evaporative cooling
of methanol reservoir as the cooling source on the TEGs cold side. This helps in
obtaining the higher ∆TT EG and power output. However, further studies are required
to maintain a steady Tc . The MTC device with an on-board air pump and acrylic
69

tank is the proof-of-concept that provides critical insights on optimization of the
device setup. The overall portability and robustness of the present device has huge
competence in the field of the microcombustion power source and promises even
higher efficiency with further optimizing the parameters of the MTC device.
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Chapter 6
Future Work
6.1. Thermal Heat Recirculation
Several key aspects of the design were highlighted for improvements. From
the preceding studies, the exhaust heat loss of 10% was obtained at Texhaust of 200
◦

C. The exhaust heat recovery unit is one alternative approach to recover the exhaust

heat losses. An additional copper plate with serpentine structure in it can extract the
exhaust heat and contribute to the TEGs hot side temperatures. The primary heat
recirculation design was developed by Fall 2018 team shown in Figure 33. The current
design has the exhaust stream that flows from the reactor outlet to the inlet of the
bottom serpentine copper plate and then to the top serpentine copper plate. This
flow pattern helps in reducing the deviation in TEGs temperatures. The preliminary
results indicate 5-7 % drop in Texhaust .
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Figure 33. SOLIDWORKS model of thermal heat recircualting copper plates which
is sandwiched in between reactor and TEG hot side.

6.2. Phase Change Material
The performance of the system can be improved by reducing the cold side
temperature or even maintaining a constant Tc will dramatically impact the system
with higher ∆TT EG . It can be done by using the phase change materials (PCM) such
as paraffin wax, which has a melting temp of 40 ◦ C and allows the system to maintain
a Tc at 40 ◦ C. To further improve the system performance, the combination of the
heat sink and PCM will maintain steady Tc for a longer duration.
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Figure 34. Render of future design, featuring two PCM tanks, heat sinks, and a new
reactor with heat recirculation Cu plates.

6.3. Fully Portable MTC Device with Inbuilt Methanol Tank and Air
Compressor
Figure 35 presents a possible future setup of the reactor. It features two
methanol tanks, two air pumps, and the new reactor design. With the phase change
material the constant Tc will be able to maintain a constant concentration of inlet
methanol-air mixture. This design would be fully portable with improved power
output at the TEGs. If the efficiency is improved and heat loss is reduced, it has the
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potential to run the system with a limited power supply to two air pumps. This is a
novel approach which has not been explored by any other researchers.

Figure 35. Render of potential future design, featuring two methanol tanks, air
pumps, PCM and a new reactor
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6.4. MTC Device Coupling
The TEG efficiency is affected by system mounting. The uneven pressure on
TEGs in the current mounting design increases the contact resistance and effects the
TEGs surface temperatures Th and voltage output ∆V . Hence, further study on the
mounting of MTC device coupling will be conducted for better system efficiency.
6.5. Catalytic Study
The effect of the catalyst distribution on the substrate temperature profile
will be explored in future studies. For instance, the steep longitudinal substrate
temperature Tsub can be reduced by coating single substrate with 1SSC to 4SSC
along the channels. Also, the bell curve substrate temperature Tsub behavior can be
studied with varying Pt load latitudinally for obtaining even temperature (Tsub ).
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TEG Specification
Hot Side Temperature (˚C)
Cold Side Temperature (˚C)
Open Circuit Voltage (V)
Matched Load Resistance (ohms)

300
30
8
1.59

Matched load output Voltage (V)

4

T_c
T_H
Delta T

30
300
270

TEG Data Tc=30
T_H
opt P (W)
30
0
50
0.226
100
1.141
150
2.556
200
4.471
250
6.886
300
9.8
P_30
2 TEG

Matched load output current (A)
Matched load output power (W)
Heat flow density(W cm-2)
Heat flow across the module(W)
AC Resistance (ohms) Measured
under 27 ˚C at 1000 Hz

9.801
19.602

R_30 C
delta_S

2.4
9.8
≈ 11.8
≈ 188
0.8 ~ 1.0

1.59
0.029241523

TEG Data Tc=80
T_H
Opt P(W)

TEG Data Tc=100
T_H
Opt P(W)

80
100
150
200
250
300

0
0.168
0.903
2.088
3.723
5.808

100
150
200
250
300

0
0.525
1.4
2.625
4.2

P_80
2 TEG

5.808
11.616

P_100
2 TEG

4.2
8.4

NOTE : T_c should be fixed number (30,80,100) and T_h value varies according to get required Delta T

Manufacturer's Data for 30°C Cold Side
12
y = 1E-04x2 + 0.0033x - 0.1893

10

Power (W)

8

6

4

2

0
0

50

100

150

200

Hot Side Temperature (°C)
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250

300

350

Manufacturer's Data for 80°C Cold Side
7
6

y = 9E-05x2 - 0.0078x + 0.048

5
4
3
2
1
0
0

50

100

150

200

250

300

350

Manufacturer's Data for 100°C Cold Side
4.5
y = 7E-05x2 - 0.007x + 5E-14

4
3.5
3
2.5
2
1.5
1
0.5
0
0

50

100

150

200
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250

300

350
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I. General Notes
Get comfortable with the lab space, it is yours to use for the semester; be sure of the location of
all materials and resources in the lab.
If acetone, methanol, or distilled water bottles are empty, they can be refilled in the chemical
engineering labs. Use the chemicals locker to find the fill bottles labelled “general use”.

Location
Microcombustion Lab Room
Chemical Engineering Lab Room 339
Chemical Engineering Lab room 342

Code
514
53122
531

II. Safety Notes
1. In case of small, contained fire --- use handheld fire extinguisher
2. In case of large, uncontained fire in the fume hood --- close doors of hood if possible and
immediately exit the Microcombustion Lab Room. Pull fire extinguisher located against
the wall in the computer laboratory
3. Always wear gloves and safety glasses when handling chemicals

III. Pt Synthesis
Procedure: Colloidal Synthesis Technique from Bonet et al.

Synthesis
1. Gather materials, clean glassware, centrifuge tube and stirrer bar to prevent any
contamination throughout the process
a. Materials include one 250 mL round bottomed flask, a small magnetic stirrer bar, 50
mL syringe, Ethylene Glycol, aluminum foil, and one centrifuge tube
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Materials needed (excluding centrifuge tube and aluminum foil)
2. Using a syringe, transfer 50 mL of Ethylene Glycol (EG, 99.8% purity) into a roundbottomed 250 mL two neck flask (EG bottle stored in closet). You will need one person to
insert the syringe into the premade hole in the center of the cap and another person to hold
and invert the bottle as the first person fills the syringe with EG. Note that EG is very viscous
and difficult to draw with a syringe. Slowly pull syringe in increments of a few mL at a time
a. Clean a small magnetic stirrer bar with acetone and brush as much residue off as
possible to prevent any contamination from occurring. Place in the flask
b. Cover the flask in aluminum foil except for the two necks. This is used to stop light
from reacting with the solution.
c. Suspend the flask in a beaker of mineral oil on a hot plate ensuring that the bottom of
the flask does not contact the bottom of the beaker. Use the ring stand and clamps to
hold the flask in place.
d. Place a thermocouple in the oil (do not let it touch sides/bottom of beaker) to measure
temperature.

e.

Heat EG to 150ºC (Set hotplate to ~350-375 ºC to maintain this temperature) and
turn stir knob to highest setting
Synthesis set up of Step 1 a-e
3. Prepare solution in a centrifuge tube mix:
a. 25 mL of EG transferred via syringe
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b. 0.1 g of 29, 000 MW Polyvinylpyrrolidone (“PVP”, stored in dry box in closet)
weighed on balance
c. Screw on the cap and shake tube vigorously until all visible clumps are dissolved
4. Once the 50 mL of EG is heated to 150 ºC, measure 0.5 g H2PtCl6*6H2O (stored in
refrigerator/ wrapped in Parafilm) on balance and immediately add to main entrance of round
bottomed flask
a. IMPORTANT: H2PtCl6*6H2O is extremely hydrophilic so weigh fast and close
bottle immediately after use. Use a small amount of EG to get residual H2PtCl6*6H2O
off of weigh paper
5. Attach reflux glassware to round bottomed flask. Turn green water knob on the side of the
hood to start a trickle of cooling water flow through the reflux glassware. Leave water
running.
6. Use pump to add the solution of PVP/EG at a rate of 1.5 mL/min dropwise into the roundbottomed flask. Place left tube from pump into the centrifuge tube containing the PVP/EG
solution, using tape or parafilm to secure tube. Thread right tube through in hole in the
stopper and attach stopper to the side opening of the round-bottom flask.
a. After the pump begins, make sure H2PtCl6*6H2O has been properly sealed with
Parafilm and stored in refrigerator, PVP has been sealed with Parafilm and stored in
drybox, and EG had been sealed with Parafilm and stored in cabinet.
7. Heat the solution at 150ºC for 1 hour. The 1 hour starts after all of PVP/EG solution has been
added to the round-bottomed flask.
a. IMPORTANT: One team member should be watching the thermocouple AT ALL
TIMES to make sure the temperature does not go out of range (140-160)
8. After 1 hour, remove round bottom flask from heat source, remove foil, and run cool water
over flask in order to quench the reaction. Be careful to not let any water get in the flask.
Place flask in large beaker to cool. Turn off green water knob and hot plate.
9. After contents of round bottom flask have cooled, pour base solution into a labeled jar Pt-##
(i.e. Pt-01) Do not forget the stirrer bar is in the flask
a. Immediately clean out round-bottom flask and stirrer bar to prevent Pt buildup. Over
time if flask shows signs of Pt buildup (black residue in flask), contact Professor
Richard Norton in the Chemistry department who will be able to clean the glassware
using an aqua regia solution.
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b. Base solution should be black in color, opaque, and have little remaining bulk
particles.

Correctly made base solution

Incorrectly made base solution

c. Base solution lasts about 1 month.

Cleaning Procedure
1. Take the “Cleaning Procedure Box,” from the closet. Contents should include centrifuge
tube holder, pick, 250 mL beaker (for waste), 50 mL beaker, acetone, and two centrifuge
tubes

Contents of Cleaning Procedure Box
2. Vigorously shake the Pt particle solution container labelled Pt-(##) to make sure the
particles do not settle on the bottom. Add 5 mL of base solution to each of two centrifuge
tubes using the markings on the tubes
3. Add 25mL of acetone to each centrifuge tube
4. Vortex the centrifuge tubes
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a. With the cap on each tube, press the centrifuge tube into the black cup of the

vortex and hold down to assure proper mixing of acetone and solution
Vortex Machine
5. Centrifuge the solutions for 2 minutes at 3,000 rpms. Arrange tubes in the centrifuge
symmetrically in order to balance the weight. If you have an odd number of centrifuge
tubes, add 30 mL of water to an empty centrifuge tube to balance the weight

Refrigerated Centrifuge

Centrifuge Tubes Arrange in R. Centrifuge

6. Pour off the acetone (supernatant- should be almost clear) into the 250 mL beaker.
Immediately add 5mL of distilled water to each tube. Agitate by vortexing each tube
7. Combine all Pt/water solutions into the 50 mL beaker
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a. If the solution clumps or sticks in the centrifuge tube, use the pick to scrape the
remaining particles out
b. IMPORTANT- the dark clumps and solution is the Pt particles are what is need for
catalytic combustion but they need to stay separated
c. Note – The Pt Particles will try to stick to each other
8. Sonicate solution in the 50mL beaker for 1 minute at the highest setting. This should
break up remaining clumps and separate the particles. If clumps are still visible, rerun for
1 minute
a. The sonicator should be located in the rear of room 342 next to the door of
Marvin’s office
b. Make sure the sound probe is tightly screwed in place
c. Place the 50 mL beaker with solution on the plate aligned with probe. Lift the
plate so that the liquid covers the tip of the sonicator but does not touch the
bottom of the beaker
d. Note- A sonicator is a machine that sends high frequencies into a solution to

separate nanoparticles from sticking to each other
50 mL beaker in sonicator
9. This is the finished solution that will be used to coat the substrate
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Cleaned Solution

Alternative Cleaning Procedure
Listed here is an alternative cleaning procedure to use alternatively to the one above.
1. Add 5 mL of base solution to centrifuge tube. Vigorously shake the jar containing the
base solution as the Pt particles settle on the bottom. Note, you may add 5 mL to multiple
centrifuge tubes to clean more particles at one time.
2. Add 25mL of methanol (99.8%) to each centrifuge tube.
3. Vortex centrifuge tubes using the vortex in Room 342.
4. Centrifuge solution(s) for 2 minutes at 3,000 rpms. Arrange tubes in centrifuge
symmetrically to balance the weight. If you have an odd number of centrifuge tubes, add
30 mL of water to an empty centrifuge tube to balance the weight. Note: If centrifuge is
malfunctioning or is occupied, use centrifuge in Civil and Environmental Laboratory.
5. Pour off the methanol (supernatant- should be almost clear) into a 250 mL beaker. Add
25mL of distilled water to each tube. Agitate by using stirrer to stir particles centrifuged
to the bottom of each tube (pellet) and then by vortexing each tube.
6. Repeat step 4.
7. Pour off water (supernatant) and add 5mL of distilled water to each tube. Agitate by
stirring particles and vortexing each tube.
8. Combine all Pt/water solutions into a 50 mL beaker.
9. Sonicate solution in 50mL beaker for 1 minute at the highest setting.

IV. Substrate Preparation
Cutting the Substrate
Note: In the event either Chuck Linderman, Karl Dyer, or a technician is unable to assist in a
timely manner this method will not be able to be done. In that case, use the Alternative Method
described in the next section.
1. Mark bulk substrate for cutting
a. Mark off cutting guidelines on the bulk substrate in 0.75 in. increments
b. Take bulk substrate to Chuck, Karl, or a technician to have the bulk substrate cut
into 0.75 in. thick discs

Alternative Method - Cutting the Substrate
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For assistance with machinery, ask a student worker or a technician, Chuck Linderman or Karl
Dyer. More detailed instruction can be found in Microcombustion Project Instructions_Revised
5-21-14.docx on the General Resource tab on PBworks.
1. Cut bulk substrate into 0.75 in. thick discs using horizontal band saw with no lubricant
a. Shut off lubricant valves for band saw to stop lubricant from coating the blade
b. Raise the blade
c. Clean off excess lubricant from the area where the cordierite with be sitting.
d. Wrap cordierite in a rag and set it level under the band saw blade
e. Clamp cordierite in place so it does not wiggle
f. Run blade a slow speed
g. Slowly lower blade until cordierite is cut all the way through
i. If it sounds like blade isn’t make a smooth cut, increase blade RPM
h. Stop and raise the blade
i. Unclamp and wipe down cordierite
j. TURN LUBRICANT VALVES BACK ON and turn blade back on to ensure
lubricant is being applied
2. From 0.75 in. thick disc – cut out a sized rectangle __ cell by __ cell using razor blade
a. Use razor blade to cut out as many 9 cell by 34 cell rectangles as possible

Substrate cell dimension

Preparing Substrate for Pt Coating
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Gather the 50mL beaker of cleaned solution, the 250 mL beaker, the substrate soaking chamber,

the substrate drying stand, the cut substrate, the acetone, and the methanol.
Supplies for substrate preparation
1. Rinse 9 cell by 34 cell substrate with methanol
a. Spray methanol into channels of substrate over the 250mL beaker and paper towel
workspace --- shake out excess

Rinsing substrate with methanol
2. Rinse substrate with acetone
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a. Spray acetone into channels of substrate over the 250 mL beaker and paper towel
workspace --- shakeout excess

Rinsing substrate with acetone
3. Allow substrate to dry on paper towel
4. Weigh substrate on balance and record weight on Substrate Excel Sheet
5. Record name of substrate:
a. Use the following naming code depending on substrate preparation
1SSC
1SDC

One Sided Single Coated
One Sided Double Coated

2SSC
2SDC
4SSC
4SDC

Two Sided Single Coated
Two Sided Double Coated
Four Sided Single Coated
Four Sided Double Coated

b. Example: “Sample1_2SSC” – created substrate prepared by coating two sides of
the channels with nanoparticles only once

Coating Substrate with Pt Nanoparticles
Following a successful Cleaning Procedure --- a 9x34 cell substrate is ready to be coated with Pt
nanoparticles using the dip method
Coating Methodology: Substrate channels will be fully coated with clean solution and placed in
furnace to have Pt nanoparticles deposited onto substrate. When drying in heated furnace, Pt
nanoparticles will deposit on the lowest side of the channel due to gravity. Understand that
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coating numerous sides of the channels requires repeatedly coating and drying the substrate in
different positions in the furnace. For a 2SSC substrate, the substrate will be coated once, dried
with one side of the substrate facing up so nanoparticles deposit on one side of the channels,
coated again, and dried again with another side of the substrate facing up so nanoparticles
deposit on another side of the channels. So, for this particular substrate, 2 Sides of the channels
of the substrate have a Single Coat of nanoparticles.
1. Gather the 50mL beaker of clean Pt solution, the uncoated substrate, the substrate
soaking chamber, and substrate drying stand
2. Place substrate in soaking chamber with channels vertical, facing upward

Substrate in soaking chamber
3. Pour some clean solution from 50mL beaker over the channels, coating the spaces

evenly.
Solution being poured evenly across substrate channels
4. Bob the substrate up and down inside the soaking chamber to ensure solution fills
channels
5. Flip the substrate and bob it up and down again
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6. Place substrate on substrate drying stand and mark the side that is facing upward

Marking top side of substrate

Drying Coated Substrate
1. Set Thermolyne furnace to 200 °C
a. Use black temperature control buttons to set green color number (target
temperature) to 200 (200 °C)
b. When red color number (current temperature) reaches 200 (200 °C) furnace is
ready
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Thermolyne furnace _

Temperature control of furnace

2. When furnace reaches 200 °C --- place drying stand with substrate into furnace with the
open channels facing outwards towards furnace door

Substrate inside of furnace ready for curing
3. Close furnace and allow the substrate to bake for 20 minutes or until solution has visually
boiled out of the substrate
4. After substrate is free of solution --- remove substrate and allow it to cool
5. Repeat Coating Substrate with Pt Nanoparticles and Drying Coated Substrate up to four
times depending on the number of sides of the channels to be coated

Substrate Log
1. After successful coating --- fill out “Substrate Log” on PB Works and the Substrate Excel
Sheet

V. Experimental Process
Further work is required before a comprehensive description can be done for the Experimental Process

Set Up of Experiment
1. Turn flow valve fully clockwise to ensure air flow is off
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Flow valve
2. Set 250 mL flask with methanol in ring stand
a. Be sure to have perforation wand fully immersed in the methanol throughout
experiments
3. Set the on/off valve to off by turning black valve handle to the vertical position

Methanol flask in ring-stand with on/off valve set to off
4. Load substrate to be tested into stainless steel chamber of copper reactor
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Substrate within stainless steel chamber
5. Slide stainless steel chamber with substrate into copper reactor
a. Be sure to line up exhaust hole on stainless steel chamber with the exhaust hole
on copper reactor
6. Thermo-paste copper reactor to thermo-electric generators (TEGs) with inlet pipe
connection towards methanol flask

a. Ensure full contact between the sides of reactor and TEGs before securing set up
Copper reactor pasted to TEG (TEG unseen, on opposite side of reactor)

7. Connect inlet and outlet pipes to copper reactor
a. Inlet pipe should be slightly backed up from the channels of the substrate to allow
the fuel to enter more of the channels.
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Locations of inlet and outlet pipes of reactor
8. Secure set up by screwing nuts on heat sink

Reactor secured in TEG/heat sink set up
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Inlet pipe of copper reactor directed to methanol flask
9. Connect inlet pipe of reactor to on/off valve via swagelok connection

Swagelok connection of inlet pipe to methanol flask (fuel source)
10. Connect outlet pipe of reactor to exhaust tube
b. Connect exhaust tube to one side of glass cold trap
c. Connect other side of glass cold trap to gas analyzer (CO2 meter)
d. Submerge glass cold trap in 900 mL beaker of tap water

Cold trap set up with tubes going from outlet pipe to cold trap and cold trap to gas analyzer
11. Turn on CO2 meter by turning on power strip under testing table
Note: Experiment will begin after Data Acquisition section is completed.

Data Acquisition
1. Set up Thermocouples 1-4 (Thermocouple 3 is a bad thermocouple)
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a. Slide reactor drawer out, so that the substrate is viewable. Push Thermocouple 1
(labelled) into the center hole of the stainless-steel drawer of the reactor and up to
the front of the substrate without going into the channels. From here, push
Thermocouple 1 0.3 in. into the substrate (measured with calipers). Thermocouple
1’s location in the substrate should be in the center-most channel, 0.3 in. in from
the front face of the substrate.
b. Push Thermocouple 2 between the copper reactor and the TEG. This will be
measuring the hot side of the TEG.

Positions of Thermocouple 1&2
c. Push Thermocouple 4 between one of the TEGs and the heat sink (there should be
a small indentation where the thermocouple can rest). This will be measuring the
cold side of the TEG.
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Position of Thermocouple 4
2. Open “Temperature vs. Time Program”.vi on computer
a. Hit “Run” button in the top left corner area of the program
b. Save as “[Substrate Name] [Run #] [date] T” --- Example: Sample4_2SSC Run 3
11-2-2016 and save into data folder
3. Set up Power Curve Circuit
Note: The circuit set up for I-V Power curves is designed to measure the voltage drop across a 1
ohm resistor and a 0-30 ohm rheostat. The current values are calculated by measuring the
voltage drop across the 1 ohm resistor and using Ohm’s Law. A circuit diagram and a more
detailed schematic are provided in the Appendix section for reference. A power curve are
generated when system is at steady state temperature.
4. Open “PowerCurveMeasurement Final”.vi on computer
a. Save as “[Substrate Name] [Run #] [date] PC” and save into data folder
5. Open “Gaslab” program on computer
a. Save as “[Substrate Name] [Run #] [date] GA” and save into data folder
6. Under Sensor Select
a. Select “COM3” for Port
b. Select “CM-0053” for Product
c. Click the green Connect button
7. Under Auto-Logging
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a. Set it for “Every 3 Seconds”
b. Set it for “For 3 Hours”
8. Hit Start Logging --- Gas Analyzer should now begin monitoring O2 and CO2 levels

To begin running experiment: turn flow valve counterclockwise until the desired flowrate
is read on flowmeter.

9. Monitor experiment
a. View temperature and gas conversion data to see if it is what is expected
b. Take note of any extreme changes in temperature, gas conversion rates
10. At steady state temperature (about 1 hour into testing, although this may vary) begin
generating a power curve
a. Turn rheostat fully counterclockwise
b. Set “Resistance” value to 1 on “PowerCurveMeasurement Final”.vi program
c. Hit the black arrow [Run] in the top left of program
d. Hit the green “Collect Data” button
e. Very slowly begin rotating the rheostat clockwise to produce a series of a data
points on the graphs of the program
f. After a full rotation of the rheostat, hit “Stop Collecting” to stop data collection

End of Experiment
1. After experiment, turn flow valve clockwise to ensure it is fully closed
2. Allow time for the reactor to cool off before removing from heat sink
3. After reactor has cooled, remove reactor from heatsink and remove substrate from the
reactor. Place substrate in case and set reactor to side
4. Disconnect all tubing from reactor to methanol flask and tubing from reactor to coldtrap
5. Remember to turn off gas analyzer by turning off power strip

Data Analysis
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6. After experiment, open “PtComb_DataAnalysis_v21”.m (Matlab file)
7. Be sure to know the location of the temperature data (collected via Data Acquisition step
2), gas analysis data (collected via Data Acquisition step 3-6)
8. Run “PtComb_DataAnalysis_v21.m” script
9. Read program instructions and follow prompts to choose each data file for the desire
experiment to be analyzed
a. After all prompts have been followed, Matlab code will return .pdf, .png and .csv
files of graphs of data
b. Use these files to fill out the Experimental Results section of PBworks and any
reports or presentations.

Experimental Results
After successful testing, log each experiment in PBworks under “Experimental Results”. Use
past Experimental Results as reference.
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Schematic of Power Curve Circuit (Note the specific placement of wires to NI myDAQ board)
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Circuit Diagram of Power Curve Circuit
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Appendix C
Indicators of Solution Failures
List of failure causes as follows:
1. Possible degradation of hexachloroplatinic acid (H2 PtCl6 ) due to moisture
trap.
2. Degradation of polyvinylpyrrolidone (PVP) agents which fail to stabilize
the platinum nanoparticle in colloidal synthesis.
3. Degradation in ethylene glycol (EG), methanol, and acetone are caused due
to the impurities in it.
4. If the cleaned solution is not sonicated at its maximum power. Due to
low energy provided to the solution, it fails to break the cleaned Pt- solution to the
nanoscale.
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Appendix D
Theoretical Model
Model Description
The fluid flow study dealt with simplified geometry initially and gradually built up
in complexity. Figure 36 shows the entire 2D reactor modeled in COMSOL.
Finally, the entire setup was modeled in 3D using a more simplified geometry.
These results aren’t as meaningful as the geometry had to be simplified even more to
get the solution to converge but still provided helpful insight into the flow inside the
reactor. A solid block was put in place of the substrate and given a certain amount
of heat to generate during the simulation. The goal of this study was to obtain the
average temperature on the outer wall of the reactor and compare this value with
experimental data. Figure 19a shows the 3D model of a microreactor with a block
of heat source developed in COMSOL. The simplified 3D geometry was designed in
SOLIDWORKS, where screws of actual reactor design were removed to create a closed
geometry. The substrate was replaced with a solid block of the same dimensions and
used as a volumetric heat source. For boundary condition, no-slip condition (u = 0)
was applied on the top and bottom solid walls, for initial condition, the uniform inlet
velocity Uinlet [m/s] was used.
The fluid flow through the channel was air at room temperature (ρ = 1.23
kg/m3 and µ = 1.79 x 10−5 Pa.s) assumed to be an incompressible, Newtonian fluid
in a two dimensional and three-dimensional reactor. The flow for this model should
be below the laminar threshold, which occurs when the Reynolds Number is lower
than 1500 (Eq. 35).

ReD =

ρ.v.D
µ
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(35)

Figure 36. The 2D geometry was created with actual reactor dimension with initial
and boundary conditions are mentioned.

In this, ReD is the Reynolds number (using a characteristic length equal to
the diameter of the tube), ρ is the density of the fluid, v is the velocity of the fluid,
and µ is the dynamic viscosity of the fluid. The fluid used in each study was dry
air at STP (20 ◦ C, 1 atm). The values found for density and viscosity were 1.204
kg/m3 and 1.812 × 105 kg/m.s, respectively. The volumetric flow rate is considered
as an initial condition of the flow. The typical values are 0.4, 0.6, 0.8, and 1.0 SLM
(standard liter per minute). Therefore, velocity was calculated using the equation
below.

v=

vdot
A

(36)

Where Vdot is the volumetric flow rate (converted to m3 /s) and A is the cross
sectional area in m2 . Performing these calculations gives the following results for
ReD in Table 5.
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Table 5
ReD of the inlet tube at various
volumetric flow rates.
Vdot [SLM] Uinlet [m/s]
0.4
3.368
0.6
5.052
0.8
6.736
1.0
8.420

ReD
355
533
711
888

Governing Equations
The flows of interest in a reactor are laminar, the fluid is incompressible and
Newtonian. The appropriate partial differential equations are the steady forms of
the three-dimensional Navier-stokes equation combined with the three-dimensional
continuity equation for an incompressible fluid.

The simplified Navier-Stokes

equations in 2D and 3D (in Cartesian coordinates) are shown in Equations below.

∂u
∂u
∂u
+u
+v
ρ
∂t
∂x
∂y

!

∂v
∂v
∂v
ρ
+u
+v
∂t
∂x
∂y

!

∂w
∂w
∂w
ρ
+u
+v
∂t
∂x
∂y

!

∂p
∂ 2u ∂ 2u
=−
+ µ
+
∂x
∂x2 ∂y 2

!

∂p
∂ 2v ∂ 2v
=−
+ µ
+
∂y
∂x2 ∂y 2

!

(37)

∂p
∂ 2w ∂ 2w
=− + µ
+
∂z
∂x2
∂y 2

∂u ∂v
+
=0
∂x ∂y
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(38)

!

(39)

(40)

The Navier-Stokes equations and continuity equation in 3D are similar to the
2D, with an additional equations for flow in the Z-direction.

∂u
∂u
∂u
∂u
ρ
+u
+v
+w
∂t
∂x
∂y
∂z

!

∂v
∂v
∂v
∂v
ρ
+u
+v
+w
∂t
∂x
∂y
∂z

!

∂w
∂w
∂w
∂w
ρ
+u
+v
+w
∂t
∂x
∂y
∂z

!

∂p
∂ 2u ∂ 2u ∂ 2u
=−
+ µ
+
+
∂x
∂x2 ∂y 2 ∂z 2

∂p
∂ 2v ∂ 2v ∂ 2v
=−
+ µ
+
+
∂y
∂x2 ∂y 2 ∂z 2

!

!

∂p
∂ 2w ∂ 2w ∂ 2w
=− + µ
+
+
∂z
∂x2
∂y 2
∂z 2

∂u ∂v ∂w
+
+
=0
∂x ∂y
∂z

(41)

(42)

!

(43)

(44)

where ρ is the density of the air [kg/m3 ], u is the x-direction velocity [m/s],
v is the y-direction velocity [m/s], w is the z-direction and µ is the viscosity of
the air[kg/m.s].

The first two equations are for the velocity vector for flow in

the x-direction, y-direction, and z-direction respectively. The continuity equation
has been simplified and reduced to represent incompressible flow, where density is
constant.

115

Mesh Generation
The accuracy of the solution is linked to the mesh size. As the number of
elements in the mesh increases, the precision of the solution for the equation increases.
The simulations were done on two different element sizes like normal and finer for
2D model. For 3D, due to the complexity in the model the volume mesh made up
of tetrahedral was used. Figure 37 represents the 2D mesh generation with normal
mesh setting. Figure 38 shows the 3D model mesh generation with normal custom
mesh settings.
The results obtained from the above theoretical model was discussed in section
4.2.

Figure 37. The mesh generated using a normal mesh setting and the 2D reactor
geometry.
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Figure 38. The mesh generated using a normal mesh setting and the 3D reactor
geometry.
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